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NOTES 


I. GENERAL 

1. Submission of a paper to the Journal of 
the Physics and Chemistry of Solids will be taken 
to imply that it represents original research 
not previously published (except in the form of 
an abstract or preliminary report), that it is not 
being considered for publication elsewhere, and 
that if accepted, it will not be published else- 
where in the same form, in any language, without 
the consent of the editor-in-chief. It should deal 
with original research work in the field of the 
physics and chemistry of solids. 

2. Papers should be submitted to the appro- 
priate regional editor (all English-language papers 
to be sent to the U.S. editor). 

3. Papers will be published as quickly as possi- 
ble after acceptance, and, subject to space being 
available, should appear in the following issue, 
if this is due for publication not earlier than three 
months after the acceptance date. Short com- 
munications under the heading of “‘Letters to the 
Editors” will receive priority for publication, and 
will be published in the issue following receipt, 
if accepted not later than the beginning of the 
month preceding publication. 

4. Fifty free reprints of each paper are sup- 
plied. Additional copies can be obtained at a 
reasonable if ordered when proofs are 
returned. A reprint order form will accompany 


cost 
first proofs. 


II. SCRIPT REQUIREMENTS 


1. Papers submitted should be concise and 
written in a readily understandable style. Scripts 
should be typed and double spaced and submitted 
in duplicate to facilitate refereeing. 

It will be appreciated if authors clearly indicate 
any special characters used. An abstract, not 
exceeding 200 words, should be provided in 
the language of the paper. French and German 


papers should be submitted with English abstract 
and titles, but if this is not possible the abstract 
will be translated by the publishers. To conserve 
space, authors are requested to mark less important 
parts of the paper, such as details of experimental 


technique, methods, mathematical derivations, 
etc. for printing in small type. The technical 


FOR CONTRIBUTORS 


description of methods should be given in detail 
only when such methods are new. Authors will 
receive proofs for correction when their papers are 
first set; page proofs will be sent only when the 
amount of alteration makes it advisable. 

2. Illustrations should not be included in the 
typescript of the paper, and legends should be 
typed on a separate sheet. Line drawings which 
require redrawing should include all relevant 
details and clear instructions for the draughtsman. 
If figures are already well drawn it may be possible 
to reproduce them direct from the originals, or 
from good photo-prints if these can be provided. 
It is not possible to reproduce from prints with 
weak lines. Illustrations for reproduction should 
normally be about twice the final size required. 
Photographs should only be included where they 
are essential. 

Tables and figures should be so constructed as 
to be intelligible without reference to the text. 
Every table and column should be provided with 
an explanatory heading. Units of measure must 
always be clearly indicated. The same data should 
not be published in both tables and figures. The 
following standard symbols should be used on line 
drawings since they are easily available to the 
printers:O,@,+,=,0, BBA. A ©, e V,V-~ 

4. References are indicated in the text by 
superior numbers in parentheses, and the full 
reference should be given in a list at the end of 
the paper in the following form: 

1. Hitt R., ¥. Iron St. Inst. 158, 177 (1948). 


2. Pearson C., The Extrusion of Metals, Chapman and 
Hall, London (1944). 


Abbreviations of journal titles should follow 
those given for Physics Abstracts. It is particularly 
requested that authors’ initials, and appropriate 
volume and page numbers, should be given in 
every case, 

Footnotes, as distinct from literature references 
should be indicated by the following symbols—*, f, 
t, If, commencing anew on each page; they should 
not be included in the numbered reference system. 

5. Due to the international character of the 
journal no rigid rules concerning notation and 
spelling will be observed, but each paper should 
be consistent within itself as to symbols and units. 
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THE PREPARATION, CRYSTALLOGRAPHY, AND 
MAGNETIC PROPERTIES OF THE Li,Cogu-.O SYSTEM 


W. D. JOHNSTON, R. R. HEIKES and D. SESTRICH 
Westinghouse Research Laboratories, Pittsburgh 35, Pennsylvania 


(Received 27 January 1958; revised 3 March 1958) 


Abstract—The Li,Coj-z)O system has been prepared by the solid-state reaction between Li,O, 
and CoO at 900°C. The material is a single-phase structure in the composition range 0 x 0-2, 
the lattice parameter of the cubic unit cell decreasing with increasing lithium content. At the com- 
position x = 0-5 (i.e. LiCoO,) a rhombohedral structure is formed. A phase diagram for this system 
has been developed. 

The crystal structure of material in the composition range 0 < x < 
above and below the antiferromagnetic Curie temperature. Both the antiferromagnetic Curie tem- 
perature and the related cubic—tetragonal transformation are found to occur at decreasing tem- 
peratures with increasing lithium content. In addition the magnitude of the crystallographic de- 
formation decreases and finally vanishes with increasing lithium content. 

The magnetic-susceptibility data indicate that the magnetic moment of Co*? is best understood if 
the multiplet splitting is small compared to RT. Further, the moment of Co** is shown to be lowered 
by crystalline field effects. No effects attributable to the double exchange coupling were found. The 
absence of such a coupling is understood by consideration of the mechanism of electron transfer in 


0-2 has been studied both 


the lithium-substituted compounds. 


1. INTRODUCTION 

IN-a recent paper") the preparation, structural 
evaluation, and magnetic properties of the 
LizMnq_z)O system have been reported. The 
present paper describes some of the subsequent 
studies made on the analogous system LizCoq_z)O. 
This system has been prepared through the use of 
the method originally devised for LizMng_z)O. 
The products have been studied both crystallo- 
graphically and magnetically. The electrical pro- 
perties of this system as well as those of the 
LizgMnq_7)O, LizNig_z)O and LizCug_z)O sys- 
tems have been previously reported.) 

One of the reasons for initiating work on the 
lithium-substituted transition-metal oxides was the 
desire to gain a further understanding of the 
double-exchange interaction. This is an indirect 
interaction which is expected to occur between like 
ions in different valence states in crystallographic- 
ally equivalent sites. Such an interaction was first 
proposed by ZENER®) in order to understand the 
occurrence of ferromagnetism and metallic-type 
electrical conductivity in some substituted perovs- 


A 


kites, e.g. LazSrq_z)MnOs. It was expected that the 
introduction of lithium into the divalent transition- 
metal oxides might induce ferromagnetism due to 
the formation of mixed valence states on equivalent 
sites. As has been reported previously,“) no 
evidence for ferromagnetism was found in the 
LizgMnq_z)O system. To obtain further informa- 
tion as to the possibility of ferromagnetism in this 
type of system, the magnetic properties of 
Li;Coq_z)O were examined in detail. 

The parent compound of this system, CoO, is 
antiferromagnetic. Many antiferromagnetic sub- 
stances are known to have symmetry changes at 
the Curie point.4-5) An interpretation of these 
symmetry changes was first given by GREENWALD 
and Smart) in terms of an “exchange-type 
magnetostriction”. For example, neutron-diffrac- 
tion experiments on NiO indicate that (111) planes 
are ferromagnetic, while the direction of mag- 
netization alternates in going along the [111] 
direction. SMART postulated that the exchange 
interaction between neighboring (111) planes 
caused the observed rhombohedral distortion. 
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CoO, to which SHULL“) 
assigned the same spin structure as NiO, a tetra- 
L118) 


attempted to resolve this situation by a reinter- 


However, in the case of 


distortion is found experimentally 


gonal 


SHULL’s results. However, recent 


that the axis of 


netization in these oxides is [1 11] instead of [100] 


ndicates easy mag- 


j 


as needed in Li’s theory and as proposed originally 


Apparently the issue is not yet 
has shown that multispin-axis 

be preferred from single- 
substitution on the 


13) He 


while 


t of ftoreign-10on 
in NiO was 


lessened 


noted by SHIMOMURA 


distortion 


the 
found ‘that at 


» material remained 


Further, he 
antiferromagnetic Curie 
YWNLEE and MiTcHe.L_"”?) re- 
‘rvation that the 

formation is less in LizNiq_7)O 
detailed crystallographic 
the structural changes 


Co O system below the 


ie temperature. These results 


connection with the magnetic data 


EXPERIMENTAL 


ng Fisher 
ric acid, 
aporating to 
to drive 
de. This 


Was 


In all 


at YOU 


1100 C in a 


lish-brown 


ros opically tor 
.) are 


ana 


n previously 
amples in the 
rtain samples 
l O system was 
described for the 


divalent transition- 
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metal oxide and LigO» were mixed and pressed into 
pellets under an argon atmosphere. The pellets 
were then fired for 24 hr in a sealed container of 
By this 
method it was possible to prepare pure single- 


small volume, and finally quenched. 

phase samples in the composition ranges CoO 

Lig.gCog.g0, NiO-Lig.15Nio-g50, CuO 

Lig.ogCup.9g0. The products containing 1 atomic 
2 ¢ £ 


and 


per cent lithium or more were black in color. The 
mechanical strength of the pellets has been ob- 
served to decrease in the order Mn Co > Ni 
Cu. In the case of the LizCoq_z)O system the 
upper limit of lithium concentration is due to the 
existence of a phase boundary in the system. On 
the other hand samples in the LizNig_z)O and 
Li,Cug_7)O systems containing more than the 
maximum amount of lithium indicated above 
attacked their platinum containers during the 
sintering reaction and resulted in samples of doubt- 
ful purity. It should be emphasized, however, 
that the maximum lithium concentrations in these 
two cases do not correspond to phase boundaries. 
Samples containing less than the limiting lithium 
contents for the various to be 


systems appear 


relatively free from platinum contamination. 
Spectroscopic analysis of these materials indicate 
less than 100 p.p.m. of platinum. 

Analytical data for samples in the LizCog_,,)O 
Table 1 


was impossible to correct the sample composition 
LisO in 


system are given in In these materials it 


for loss by volatilization of the same 
manner as was done in the case of LizMnq_z)O," 
is considerable fragmentation of these 


since there 


preparation. ‘This made any correc- 
ht loss of very doubtful 
be noted from the analytical data 

» need for such a correction. 
n was determined either gravimetrically 
sulfate or through the use of a flame photo- 


Oxidizing power was measured by dis- 


the sample in ferrous ammonium sulfate 
1 and then titrating with ceric sulfate or 
result is record d as 
determined by 
electro-deposition 


LiCoOs, 


general formula Li,Coq 


the 
r)O, was prepared by both 


which occurs when Xx 0-5 in 
the present method as well as by a previously re- 
ported method" in which LigCQs is reacted with 


CoCOgz in air at 900-1000°C. The two methods 
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Table 1. Analytical data 


Wt.-° Lithium 


Composition 
Calculated Found 


CoO 
Lig. o1Coo- 
Lio. 
Lig 
Li, 


0-093 
0-48 
0-78 


190C Oo 


Liig-1,C0, 
Lig 29009. 
Lig-25 C0. 
Lig 30C0o- 
Lio 35COg 650 
Lig 5009-590 


SS WDM DN 
SIF WDM NO 


yield the same product according to 
patterns. 


(b) X-ray studies 

Much of the X-ray examination was carried out 
as previously described.) The samples were all 
ground and X-rayed as a mineral-oil mull in order 
to prevent reaction with the air. Cobalt radiation, 
AKa, and AKag having wavelengths 1-78892 and 
1-79278 A, respectively, was used. In the single- 
phase regions, all X-ray patterns were sharp, in- 
dicating that the samples were homogeneous. 

The structure of LiCoOs was indexed from the 
powder pattern with 11-54-cm- 
diameter Debye camera. The density was deter- 


obtained an 
mined pycnometrically, using toluene. Integrated 
intensities were obtained with a North American 
Philips proportional counter unit. ‘These data are 
given in ‘l'able 2. In several cases intensity data are 
recorded for lines which were too faint to be mea- 
sured on the Debye film. The highest-angle line 
measured on the Debye film could not be scanned 
with the proportional counter and thus no intensity 
data are recorded. 

Low-temperature X-ray measurements were 
made using the bottom of a 19-cm Unicam high- 
temperature camera. A rotating-anode X-ray tube, 
A. TayLor of this 
laboratory, was employed and permitted exposures 
to be taken in }-1 hr, which considerably simpli- 


fied the temperature-control problem. The sample 


designed and built by Dr. 


Calculated 
0:00 
0:79 

4-1 


their X-ray 


Wt.-% Co*? 


Wt.-% Co Total 


At.-% Lit 
At.-% Cot? 


Found Calculated Found 


WK WOK ok pA 


SI~nJ SJ SJ SI SI 


Nn Uw 
“Isis 


co 


vl 


MWwWNN 
Co W 
we on 


Oo 


was cooled by a stream of cold nitrogen gas im- 
pinging on it from above. The cold nitrogen gas 
was produced by energizing an electric heater 
submerged in a Dewar of liquid nitrogen. This gas 
was conducted to the sample through thermally in- 
sulated tubing. The rate of the gas stream, which 
determined the sample temperature, was con- 
trolled by manually varying the power input to the 
electric heater. Temperature was measured by a 


lin. of the sample. 


8 


Calibration showed that this thermocouple gave a 
I g 


thermocouple placed within 


true reading of sample temperature. A tube, con- 
centric with the nitrogen gas jet, supplied a stream 
of dry air to the area to prevent frost formation. 
The concentric tubes both ended with 1-in. long 
Cellophane tubes which surrounded the sample 
and through which X-rays could readily pass. 
With this rather simple apparatus, temperatures 
could be held constant to within several degrees in 
the temperature range studied, 130 to +25°C. 

The accuracy of these measurements is approxi- 
mately +-2 parts in 10,000 and is somewhat less 
than would be expected for a 19-cm camera for the 
following reasons. First, the line splitting which 
was studied in this work was rather slight and often 
somewhat diffuse, making measurement difficult 
In some cases only one split line (420) was measur- 
able. Secondly, in the experimental set-up used, 
sample eccentricity was sometimes a problem. In a 
few cases where this effect was noted, it was minim- 
ized by using cos?@ as an extrapolation function 
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Table 2. X-ray diffraction data for LiCoQg 
Space group R3m—D,,° 
Hexagonal axes a 2°8166 A 

c 14-052 A 
Density calculated 5-16 g/cc. 
Density found 5:05 g/cc. 
Atomic co-ordinates 
(000; } 4 4; 444) 
OOO 
00,4 
00z, O02 


sin*® converted to C 
Obs 


003 0-0366 365 . 1068 
101 00-1388 
006 0-1453 
012 0-1511 
104 0-1998 
015 


Soe 


009 

107 

018 

110 

113 ] -4409 

10,10 5 -5404 

021 543 5427 

116 5 -5500 

202 5549 

00,12 585 5843 
‘6036 
‘6256 
‘6401 
-7327 
‘7375 


‘7983 


DANK OHS 
mass wus] > 


4 
4 
7 


AS 


7990 
8205 ‘8204 
00,15 ‘9128 -9130 
9127 
01,14 -9300 ‘9299 
‘9296 
02,10 ‘9444 0-9441 
211 9468 0-9470 
122 9589 0-9591 
‘9587 
‘9880 0:9892 
‘9878 


instead of the more general function of Taylor and Li,Cog_7z)O was derived are given in Table 3. In 
Sinclair (ref. in KLuG and ALEXANDER. "6 order to demonstrate that equilibrium was attained, 
samples were prepared in such a manner that 

(c) Phase diagrams equilibrium was approached from two directions. 
Data from which a phase diagram for One approach to equilibrium involves reacting 
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Table 3. X-ray data for phase diagram (Original composition 
Lip.gCoo.70) 








Sample heat- 
treatment (°C) 





Prep. 900°, anneal 600 
Prep. 650 
Prep. 650° 
Prep. 700 
Prep. 900°, anneal 700 
Prep. 900°, anneal 750 
Prep. 760° 
Prep. 810 
Prep. 900°, anneal 850 


CoO and LigQOs¢ for at least 20 hr at the temperature 
being studied. The other involves preparing the 
LizCoq_z)O material at a high temperature, 900°C, 
and then annealing for at least 20 hr at the proper 
lower temperature. ‘The agreement of the data ob- 
tained by these two methods indicates that equili- 
brium has been achieved. All lines in the X-ray 
patterns of the products in the two-phase region 
are accounted for on the basis of the NaCl and 
CsCloI structures. The composition of the NaCl 
phase of LizCoqg_z)O in the two-phase mixtures 
was obtained by comparing the lattice parameter 
of this phase with a plot of lattice parameter versus 
composition. 

The LiCoQOgz phase shown on the diagram is be- 
lieved to have a negligible range of solid solution. 
The c-axis of its hexagonal unit cell is independent 
of annealing temperature in the two-phase region, 
while the a-axis changes from that of the stoichio- 
metric material by a maximum of only 5 parts in 


10,000 at very low temperatures. The change of 


volume of the cell is negligible when compared with 
the change in volume versus composition of the 
phase with the rock-salt structure and would 
suggest a change in x of only 0-0025. Admittedly 
such an analysis is far from rigorous, but it is be- 
lieved to give a qualitatively correct result. 


(d) Magnetic measurements 

The gradient method used in making the mag- 
netic measurements has been previously des- 
cribed.“) Samples were contained in small sealed 
Vycor bulbs to prevent reaction with the atmo- 
sphere during magnetic testing. 


Lattice parameter 
of cubic phase (A) 


4-244 
4-239 Lig-o¢0COo 9490 
4-236 Lig-o¢sCoo 9350 
4-212 Lig-125C09 8750 
4-216 Lig-115C09-3350 
4-206 Liip-34C09-3¢O 

4-206 Liig-1aC0o-3g¢O 

4-185 
4-174 


Composition 
of cubic phase 


Lig-o45€ 00-9550 


Lig-135C09-g150 
Lig 210009 7900 


3. DISCUSSION 

(a) Preparation 

The system LizCoq_,z)O, as well as LizNig_z)O 
and LizCug_z)O, has been successfully prepared 
by the method originally devised for the prepara- 
tion of LizMnq_,)O," indicating that the follow- 
ing reaction between LisQs and a divalent transi- 
tion-metal oxide is a general one for the prepara- 
tion of lithium-substituted transition-metal oxides. 


x 
5Li202+ (1 —x)MO > LizMa xO 


Lizt+M,z+3M*+?2_ O 


(1—22) 


The compositions of the products in the 
Li,zCoq_z)O system are probably best indicated by 
the ratio of atomic per cent Li* to oxidizing power 
(which is recorded as Co*?). As can be seen from 
the above formula, such a ratio should equal unity. 
Table 1 shows that the experimental ratios are 


very close to this value. 


(b) X-ray study 

The values of the X-ray lattice parameter versus 
composition for LizCoq_z)O are plotted on Fig. 1 
with our corresponding data for LizNiq_z)O in- 
cluded for comparisen. In both cases there is a 
decrease in cell dimensions with increased lithium 
content. This decrease in the LizCog_z)O system 
is due to a twofold effect. First, Lit is smaller than 
Co*?, and secondly, the Co*® formed is smaller 
than either Lit or Co*?. In the LizNiq_z)O system 
the decrease in lattice parameter with lithium con- 
tent is not as pronounced, since Lit and Ni*? are 
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more nearly equal in size and thus the change in 
the cell dimension will be primarily due to the 
smaller size of the Ni 


amounts of lithium 


3 formed. The introduction 


into the tenorite 


attice of CuO causes only a very small decrease in 








~O having values of x near 


lines were 


pattern [hese 


indexed and the material was found to be LiCoQOg, 


The 


weights 


structure 


having a rhombohedral CsClol 


| 
contains three formula 


1 


has recently 


cell 


xXagonal 
been reported by 
also been re- 
LiNiOs."8) The 


referred to 


ch a structure has 


in agreement with 


> 
2°81 and r 
1LO0U>s give 


\ ith an oxygen 


the 


1<¢ naran Ter 
ValrallNetcl 


calculated 
The corres- 
0-27 are 


ilated values 


HEIKES 
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of F, in the table have been corrected for the 
effect of temperature. It may be noted that in all 
cases the (00/) reflections are much stronger than 
the calculated values. This suggests either a pre- 
ferred orientation of the sample crystallites or that 
the atomic scattering factors are markedly aniso- 
tropic 
Each Co 
bya distorted octahedron of oxygen with the cobalt 


3or Litlion in the crystal is surrounded 


oxygen distance about 8 per cent smaller than the 
lithium-oxygen distance. The cobalt-oxygen dist- 
ance is also somewhat smaller than the nickel- 
oxygen distance in LiNiOs, where z was found to 
have a value of 0-25. There is little difference 
between the lithium-—oxygen distances of the two 


compounds 


(c) Phase diagram 

After the characterization of the LiCoQOg phase 
was completed, it became possible to examine the 
phase diagram of the Li,Cog_,)O system in the 
range 0 < x 0-5. It seemed possible that this 
system might have a phase diagram similar to that 
found Li,Mny_xO. The diagram for this 


system (Fig. 2) shows that the phase having the 


for 











im for Li,Co,,-,)O 


rock-salt structure which has been studied here is 
actually The 
formation from the phase with NaCl structure to 
the lower-temperature 

enough that by quenching preparations from 900 


a high-temperature phase trans- 


two-phase mixture is slow 


the high-temperature phase can be retained. In 
none of the cases where samples were quenched 
from 900° and in which x < 0-2 was any line of the 
LiCoOgz phase observed in the X-ray pattern. The 


lines of the phase with rock-salt structure were 
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always sharp. Further, the samples prepared in 
this manner are quite stable and do not transform 
at moderate temperatures. This behavior is exactly 
what was observed in the LizMny_z)O system. 
Thus, in both cases pure samples of the high- 
temperature phase can be readily prepared and re- 
tained by the normal preparation procedure 


(d) Low-temperature X-ray study 
As pointed out earlier, pure antiferromagnetic 
NiO undergo 


structural modifications at their antiferromagnetic 


oxides such as MnO, CoO, and 


Curie temperature as a result of magnetic ordering. 
In order to examine this effect more closely, a study 
was made of both the magnetic susceptibility and 
the structural transformation of the Li;Cog_,,O 
system. This system was chosen for study first 
because the antiferromagnetic Curie temperature is 
tem- 


located at a convenient temperature, room 
perature, and secondly because the deformation in 
1 ] 1 

i 


pure CoO has been thoroughly studied. 








° 


Cell Dimensions — A 


Unit 








for Li,Co 


temperature. 


Unit cell dimensions 


The low-temperature crystal-structure 
the Li;Cog_z)O system are graphically 
lata on pure CoO are 
but one 


Fig. 3. GREENWALD’s 


cluded for comparison. In all case a 
crystallographic distortion to tetragonal symmetry 


occurs as the temperature is lowered, with the para- 


2O SYSTEM 


meter a increasing slightly and ¢ decreasing. The 


cube root of volume (which, of course, is equal to a 
in the cubic case) is linear throughout. The distor- 
tion to tetragonal is always quite abrupt. One of the 
most significant features of these data is that the 
temperature at which the distortion occurs dé 

With the 


exception of Lipg.2Cog.gO, the temperature of 


creases with increased lithium content 
this 


] 
YOOU 


crystallographic distortion is in relatively 
agreement with the antiferromagnetic Curie tem- 
measure- 


perature obtained from susceptibility 


ments, as can be seen in Fig. 4. Secondly, the 








Fic. 4 Curie points and crystallo- 


graphic 


\ntiferromagnetic 


distortion points versus composition x in 


Li:Con ) 


amount of crystallographic distortion generally 


decreases with increased lithium concentration 


Both this decrease in the deformation temperature 
and the decrease in the amount of distortion are in 
agreement with what would be expected on the 
basis of a decreased magnetic coupling due to the 
dilution of the cobalt ions. In Lig.2Co9.gO sufficient 


has entered the lattice to the 


suppress 


lithium 


transformation, as the data show that 55° below 


T,. there is no structural distortion. It is impossible 


to savy whether the structural distortion 1s com- 


pletely eliminated in this material, whether it 1s too 
small 10 be observed, O ; moved to a 


much lower temperatur¢ 


ation 


The abrupt nature o 


stant lithium content nperature is de- 


creased has been previot In addition it 


s iS also 


should be pointed out that the deformation 
abruj li 
temperature. A three-dimensional plot summariz- 


ithium content is varied at 


I 
hr ‘ 
Drupt as 


ing these data is presented in Fig. 5. In this plot the 
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X-ray lattice 


i function of composition and tempera- 


showing parameters 


ture 


amount of distortion in the antiferromagnetic 
range is given as a function of both temperature 
and composition. This plot emphasizes the equi- 
valent roles of temperature and composition in 
distortion region and also illustrates 


the 


defining the 
the abrupt nature of onset of the crystallo- 


graphic deformation 








susceptibility versus absolute tem- 


perature for 


of 
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Theoretical Curve 


Curie Constant Per Mole Co Ion 


Y 
oO 
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X 


Curie constant versus mole fraction of lithium. 


*20 
Fic. 7. 


(e) Magnetism 

The experimental magnetic data will now be 
examined to determine the magnitude of the mag- 
netic moments of the ions and the magnitude of the 
various interactions. The situation with regard to 
double exchange will also be discussed. 

Fig. 6 shows the reciprocal susceptibility plotted 
against temperature for several of the compositions 


in the single-phase region of LizCog_,,O. From an 


analysis of such susceptibility data above the anti- 


ferromagnetic Curie temperature, the values of C 
(Curie constant mole of Co) and © (paramagnetic 
Curie temperature) can be determined. These are 














10 “15 
x 


temperature 


*20 


Paramagnetic Curie versus mole 


fraction of lithium. 
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plotted in Figs. 7 and 8. An examination of Fig. 7 
shows that from Lig.95Cog.950 to Lig.29Cog.g9¢0 
the Curie constant follows a smooth curve; how- 
ever, for smaller lithium contents the data scatter 
considerably. Only the data from 0-05 < x < 0-20 
are to be considered as completely meaningful. The 
large scatter for 0 < x < 0-05 is believed to be 
due to the presence of traces of cobalt metal. This 
point is discussed in Appendix I. 

The data for C will now be analyzed. In Ap- 
pendix II it is shown that C can be written 


Np? f1—2x x 


“nget 
I 


9 
"NB I, 


3k L1—x —xX 


where 


is the Bohr magneton, N is Avogadro’s 
number, and m4 and mp are the magnitudes (in 
units of 8) of the magnetic moments of the Cot? 
and Co*# ions respectively. 

Using the experimental results at x 
x = 0-20, the magnetic moments of Co*? and 


0-05 and 


Co*8 can be evaluated. These numbers are found 
to be 


N42 26:6, 


np? = 4-4, 

The solid curve in Fig. 7 was drawn using these 
values. Thus, for pure CoO we find the extra- 
polated value of C to be 3-32. This value should be 
compared with C = 3-21 obtained by ELtior9) 
and 3-42 obtained by Sincer.%°) It is now neces- 
sary to get an understanding of the magnitude of 
the magnetic moments of the two ions. 

Before attempting to understand the magnitude 
of the magnetic moments of the specific ions in 
question, a brief survey of the situation might be 
helpful. In rare-earth salts it is generally found 
(samarium and europium are exceptions) that the 
magnetic moment is simply g8V_/(/+1), where g 
is the Landé factor and / is the total angular 
momentum quantum number (as determined for 
the free ion). In deriving the above-quoted value 
for the moment, it is assumed that all other / values 
are so high energetically that their occurrence is 
negligible in the temperature range of measure- 
ment, i.e. the multiplet splitting is much greater 
than kT. On the other hand, if the multiplet split- 
ting is much less than R7’, the moment is found to 


be A[4S(S+1)+L(L+1)]?.2 This situation is 
not commonly discussed. Finally, in the iron- 
group dilute salts, it is generally found that the 
moment is best represented by BV 4S(S+1). In 
other words the orbital angular momentum L is 
quenched. 

As indicated above, Co*? has a moment of 
V 26-68. Pure CoO is cubic above room tempera- 
ture. One therefore does not expect quenching of 
the orbital moment. 2!) If the Co*? is assumed to be 
in a 4F’9 2 state (the ground state for the free ion), 
the above expressions for wide and narrow 
multiplet splitting give V43-58 and V 278, re- 
spectively. From the excellent agreement between 
the latter value and the experimental one, it would 
appear that this is a case of narrow multiplet 
splitting. As evidence that this agreement is no 
coincidence, the data of SINGER'29) on NiO can also 
be cited. He finds the experimental moment of 
Nit++ to be V218, while the narrow multiplet 
moment is calculated to be V 208. In the calcula- 
tion the free ion state (2/';) for Nit? is used. 

Unfortunately, the Co* ion is not so simple. The 
narrow multiplet moment (°D4) is V 308, as com- 
pared to the experimental value of V 4-48. A 
possible explanation of this anomalously small 
moment may be found in the effect of the crystal- 
line electric field on the d-electron levels. It is 
known?) that the five d-levels of an ion in an 
octahedral site are split into a triplet and a doublet, 
the doublet being the higher energy level. The d- 
level configuration for the ion in the octahedral 
site of a cubic lattice is shown in Fig. 9a. If the 


Fic. 9. d-Electron configuration for Co 

crystalline fields cause sufficient splitting, it can 
become energetically advantageous for the elec- 
trons in the doublet level to drop into the triplet 
level and cancel the magnetic moment, as indicated 
in Fig. 9b. It only requires that the splitting is 
than increase in exchange energy 


greater the 
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transfer. This interpretation Substituting these in equation (1) of the Appendix 
i j 
re zero moment for the — , 
N DP°NA-VYAA { 1 R- 
24 
is con- : n4~ 


However, 


simple con- 
set of surround- 

2x | 
The interaction constants, y, are defined in the 
Appendix. This equation is seen to have all the 
qualitative features mentioned above. By fitting 
this equation at two points, the ratios ygz/yaa and 


yment 


, y4aRiyv4a4 can be determined 


~~ 10 


1A 


Thus, all interaction in this phenomenological 


A eee eee ee ‘ nin 
yehavior for model are antiferromagnetic. This is especially to 
is frequently pe noted in the case of the y4p Where the ferro- 

nagnetic of = in ser 
amagnetic or even dla magnetic double exchange might be anticipated 


1 
] 1¢ 


nodel is accepted, it 1s neces- This point is discussed be low 
it does not also occur in Co*? 


» extra charge on . the surround- 


ller, the reby 


ire ©. As © is essentially a1 


ld in the crystal, 


t be given. ‘The replacemen 
(1) It reduces by 
interactions for those Co ions neig] 
It replaces one C¢ 
initially follows close] 


“—(o*” interaction 


\ T curves for 
Li Niy AD system 
nge studied this system 
n down to liquid 
nitrogen temperatt ue to the work of PERAKIS 
et al.,© a separa study W made of Lio.o2 
Nig. 98 , Teri agnetism re ported by 
PARRA NO I ll mipe sition was not confirmed. 
In the curves of the nickel system, the transition 
region from antiferromagnetism to paramagnetism 
becomes more gradual with increasing lithium con- 


centration. This is similar to the results of 
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SHIMOMURA and 
nickel by copper. 

In the case of CuO, only a small amount of Lit*! 
could be added. Except for the fact that y is 
slightly higher, the lithium has not caused any 


TsuBokawa, 26) who replaced 


significant change. 

It remains to review the situation with regard to 
the double-exchange interaction. This interaction, 
as described by ZENER,“ should result in a ferro- 
magnetic coupling and metallic type conductivity. 
The present paper has shown that a ferromagnetic 
coupling does not arise. Furthermore, a previous 
paper’) shows that the conductivity is semi- 
conducting in type over the whole composition 
range. 

The semiconductivity is interpreted as being due 
to a trapping of the positive holes caused by a local 
ionic polarization.”) In a recent paper'?’) it was 
shown that this trapping energy should decrease as 
the electronic polarizability of the ions increases. 
This can be understood qualitatively as follows. 
The introduction of a positive hole into the CoO 
lattice causes a certain amount of distortion. Part of 
the distortion occurs as a shift in the electron dis- 
tribution of the ions and part as a shift in the ions 
themselves. It is only the ionic shift which is be- 
lieved to contribute to the trapping. 8) Therefore, 
the introduction of an ion having a large electronic 
polarizability should decrease the trapping energy. 
It is possible that the trapping effect can disappear 
completely. If such a case happens, then a double- 
exchange type of interaction can occur; for this 
interaction requires that the electrons have no 
activation energy for motion. It is expected that the 
substitution of selenium or tellurium for oxygen in 
the present compound might be a case in point. 
This substitution is now being attempted. 


APPENDIX I 
Metallic 


scatter of 


Effect of Data 
The 


lithium content will now be examined. First, it must be 


Cobalt on Magnetic 


large the magnetic data for small 


pointed out that duplicate samples of the same nominal 


composition show significant differences in C and 4 
Secondly, this is not due to scatter in the magnetic mea- 
surements. Furthermore, X-rays show no observable 
difference between samples with widely different values 
of C. It is observed that all the scatter is on the high side 
of the theoretical curve. Also for a particular value of x 
the x is found to be higher the higher the C. This leads 


to a consideration of the presence of small quantities of 
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free cobalt metal. The susceptibility for a sample con- 
taining a small amount of free cobalt can be written 


Co 


I 
xg(exp) = (1—f) xg +/ - 


(1) 


sample 


weight 


value of susceptibility for pure 


per g, f 


magnetization of Co/g 


where xg 
Cf 0), xg(exp) 
fraction of free cobalt, and /, 


measured value 

As the Lip-o92C09-9g0 samples show the widest devia- 
tion, they will be examined in detail. It will be assumed 
that sample No. 2 (see below), with a Curie constant 
the f =0. Then, 
examining sample No. 1, the difference in x and C will 
be attributed to free cobalt. Using (1) f can be calculated 
from the following data: 


almost on theoretical curve, has 


C (Curie constant) g 
0-071 
0-045 


xg(exp)(at 400°K) 
No. 1 46X 10-* 
No. 2 64 « 10-8 


It is found that f ~ 10 
Such amounts could not be detected by X-rays. As a 


> or 0-1 per cent free cobalt 


check, the amount of free cobalt needed to affect C can 
be calculated in the following way: 


(i1—f)C, Ico 
T+0 H- 


The equation can then be put in the standard form for 
paramagnetic substances: 


0 


I 
1—f)C,+f/—(T+9) 
(l—j IF 


T+0 
Then 


Cen = (1—f)Ca+f -(T+0). 
H 


Using the data above, f ~ 0:2 per cent. Therefore 


free cobalt appears to be a satisfactory explanation 


APPENDIX II 
Molecular Field Treatment 


In order to interpret the results of the magnetic mea- 


surements, it is necessary to derive an expression for the 


in terms of the lithium 
4 1 
4 molec 


susceptibility above T' concentra- 


tion and the various interaction par ular 


field treatment will be given here. As 
treatment is well known, ‘?”? it \ 


Consider a f.c.c. lattice cont 


(designated B), (1—2x)Co*? ions (designated 


x Li ions randomly distributed. Previous work 


electrical conductivity these systems 


random distribution of Cot? and Co** is a 


tion. Nearest-neighbor and next-nearest-neighbor inter- 


actions will be treated. The interaction between an 
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ion—an A ion, for example 


assumed to be of the form 


where 1e total angular momentum quantum 
summed over all 
(It 
interaction 


this 


1 


J represents tl 
mber and i 


S and 
the 


this 


nearest 


that 


next- 


rt 


recognized 


not 


n¢ bors is 


double- 


can be put in form.'°") 


Tr 


phenomenological treatment the 
will I 


be expressed in this way.) The standard 


ion is to replace J by an appropriate average. 


nearest-neighbor 
A-A 


no 


A-A 


interaction, 


interaction, 
Ly of 


of next-nearest neighbors 


las 


arest-neighbor 


metization ot 


no. 


neigi bors, 
ft 
n the 


A ions 


ion, the average value of Ja is re- 


[Zi(x', Lata, pln) + Zola, lat 


a x, 1B) V7 1, 


I 


an A ion 


A 


is the magnetic moment ¢ 


one finds the effective fie ld for the 


applied field. 


with its neighbors will be 
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Thus, 


Y 


C4 


I4 [Hotyaalatyaple] 


Ce 
Iz —[Ho+yeelpt+yas!s), 


where 


“a — 
YAA = L104 gt Z2%4 4 


Solving for J4 and Ip 


Ho| — — yBB+YAB 


be 


this result can be written 


it can now determined. 


To a second approximation 


} 


using the form 


C’ itCp and (-) 


C4Cp(yaatyBe—2y AB) 
—(yepCptyaaCa)t+ ; 
Cat+Cp 


t 
t 


It 


weight can be 


hat t 


written 


is easily seen he Curie constant per formula 


(1—2x)N42+xNp°]. 
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To convert this expression to Curie constant per mole of 5. ELtLestaD R. B. and Bassitr B. R. U.S. Patent 
cobalt ion, it is necessary only to divide by the factor 2,545,424. 
(1—x). 16. Kiuc H. P. and ALEXANDER L. E. X-ray Diffraction 
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Abstract 


nea optical and magnetic 
{ 


mber of F-centers formed in Lil 


1958: 


The optical oscillator strength of the F-band in LiF is determined as fy, 


revised 18 February 1958) 


0-82 from 


measurements on X-irradiated and neutron-irradiated samples. 


as a function of neutron dosage was measured overa broad 


either optical or magnetic techniques. The formation of F-centers saturates in 


centers cm 


; and saturation occurs for neutron dosages considerably smaller 


red for saturation of vacancies and interstitials. Experimental evidence is presented 


F-centers are separated by more than six lattice units in the most densely colored 


1. INTRODUCTION 
correlation of the magnetic and optical pro- 
erties of the F-centers formed in LiF by neutron 
and X-ray irradiation, and some of the magnetic 
properties of these centers, form the basis of this 


research. Their correlation for other additively 


colored alkali halides was treated in a previous 


The 


alkali 


publication, henceforth referred to as | 


maximum concentration of F-centers in 


halides additively colored with the alkali vapor was 


] 


the coloration techniques to less than 


d by 
In this investigation the large cross- 
i for slow neutrons, ®Li(m, «)?H, with 
and tritium particles with 4-7 MeV 
of coloration for im- 
The 


as a function of dosage 1s 


1 large amount 


oe] 


} 
liow-neutron fmuxes 


ge of dosage by means of 


followed over a b1 


optical techniqu ll dosages and magnetic 
optical investiga- 

1 by X-ray or 

1 than that of 

primary concern 


absorption 
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2. THEORETICAL ASPECTS 
The absorption spectrum in irradiated LiF 
consists of a strong main band, the F-band, and a 
somewhat weaker band to the long-wavelength 
side, the M-band; and, using the model of an 
electron trapped at a vacancy or a group of 
vacancies, the spectrum may be regarded as an 
electronic transition from the ground state to an 
excited state.) If one assumes, as in reference (1), 
that the wave function depends parametrically 
upon the co-ordinates of the surrounding nuclei, 
i.e. the Born—Oppenheimer approximation, the 
“Condon” approximation that the electric dipole 
matrix element is independent of the nuclear co- 
ordinates, and that the local field seen by the elec- 
tron is the Lorentz local field, the product of the 
number of centers, N, and the oscillator strength, f, 


is given by 


Nf = 8-21 x 101!6[n/(n?+-2)?] 
area under absorption : 
cm, 


l 
eV ) 


curve l cm 
curve” 

and 
for a gaussian line shape, where 


the 
Lorentz 


The ‘area under 
(77/2)an.Ay, for a 
(77/4 In 2) *a,,.. Ay 
%nqx 18 the maximum absorption coefficient of the 
color center in cm=!, and Ay, the band width at 
half-maximum 


absorption 


line shape, 


in electron volts. The index of 
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refraction, m, was taken as 1-42 for the F-band and 
1-39 for the M-band. 

The magnetic sublevels of the color centers give 
rise to a paramagnetism characteristic of an electron 
in an atomic s-state. For small interactions, one 
obtains a Curie-law temperature-dependence, and 
the number of centers is related to the magnetic 
susceptibility by 

x = [Ng*B?/4kT [1 —3(gB8H/2kT)?—3(T)] (2) 
where g represents the g-value, 8 the Bohr mag- 
neton, k the Boltzmann constant, H the external 
magnetic field, and 6(7') a correction due to the 
interaction between centers. KORRINGA and 
DauntT™) have discussed the correction due to the 
hyperfine interaction, but this correction is too 
small to be of importance in our measurements. A 
correction due to the overlap of the wave functions 
of neighboring color centers is discussed in the 
Appendix and is of the form 6(7'). Saturation effects 
due to the term in (///T)? are small for the mag- 
netic fields and temperatures used, and may be 
corrected for in the calculations. The optical 
oscillator strength of the absorption line is deter- 
mined from a comparison of the number of centers 
measured magnetically and the number measured 
optically, as was done in reference (1). 


3. EXPERIMENTAL TECHNIQUES 

The lithium fluoride crystals used for this in- 
vestigation were cleaved from high-purity optical- 
grade crystals obtained from the Harshaw Chem- 
ical Company. X-irradiation of the crystals was 
carried out by means of a Picker X-ray machine at 
a potential of 35 kV and a current of 10 mA with 
a copper target. Large-dosage neutron irradiations 
were out at the Oak Ridge National 
Laboratories in hole 10 at a thermal neutron flux 
of 51011 the 
periods of time. None of the crystals used were 


carried 


neutrons/cm?/sec for indicated 


thicker than about 0-4 mm, so that there was no 
appreciable extinction of the neutron flux. The 
aluminum and 


crystals were wrapped in foil 
sealed in aluminum cans prior to irradiation, and 
then kept in aluminum foil until the time of use. 
Irradiations at small dosages were obtained by 
suspending the crystals in a water-filled tank at a 
centimeters from several 


distance of a few 


polonium-beryllium neutron sources, and by pile 


irradiation. Although the flux accuracy is poor, 
these points are included for completeness. 

Optical absorption measurements of the small 
thin crystals were made with a Beckman Model 
DU spectrophotometer. Absorption curves were 
limited to optical densities of less than three by the 
instrument. 


GALVANOME TER 








SPECIMEN 





Fic. 1. Torsion balance for magnetic measurements 

The paramagnetic susceptibility of the color 
centers was determined by measuring the torque 
on the sample when placed in an inhomogeneous 
magnetic field. Both optical and magnetic measure- 
ments were made on the same sample. ‘The force on 
a small sample) of volume v is given by, force 


1yv grad H2; and the torque depends on the force 


and the average lever arm of the sample. A torsion 


balance shown in Fig. 1 is used to measure the 


torque on small crystals, i.e. of the order of 0-4 5 
most cases. The inhomo- 


5 mm, or smaller in 


geneous field is supplied by an electromagnet with 
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tapered poles. A galvanometer, which is at room 


and has one room 


and the other at liquid-nitrogen or 


temperature, Suspension at 


temperature 
liquid 
j 


small torques 


vanometer to the position before the application 


-helium temperatures, is used to measure the 
The current required to restore the 


1 
| 


gal 


of the measure of the 


magnetic field provides a 
torque. A self-balancing feature is introduced by 
means of a split photocell and a d.c. amplifier, and 
the operator need only record the voltage across a 
ndard resistor to have a measure of the torque. 
- balance is quite sensitive and may be used to 
measure the paramagnetic susceptibility of samples 
with more than 10!4 magnetic spins. 
The number of magnetic centers is determined 
by noting.that in the high-temperature region, 
above 2 K for these samples, the magnetic sus- 


ceptibility is given by 
C/T+ya (3) 


where C is the Curie constant; yq is the dia- 
and is equal tO Yad 
10-6 emu/cm-? for LiF.) An absolute 


C or the paramagnetic contribu- 


magnetic susceptibility 
1-15 
determination of 
tion can be made by noting the point at which the 
torque on the sample is zero, and then C/T 
ya. Using equation (2), the number of magnetic 
centers is related to the Curie constant by, 


N = 1-62 x 1074C centers/cm?. (4) 
4. EXPERIMENTAL RESULTS AND DISCUSSION 


(a) Optical Oscillator Strengths 


Optical-absorption and magnetic-susceptibility 


and C. V. 


HEER 


1 


cm 


ABSORPTION CONST., 


30 


Fic. 2. Optical absorption curve for X-irradiated LiF. 
measurements were made on two X-irradiated LiF 
crystals and on a number of neutron-irradiated 
crystals. The optical-absorption curves are shown 
in Fig. 2 for one of the X-irradiated samples and 
in Fig. 3 for the neutron-irradiated samples, and 


Fic. 3. Optical absorption curves for neutron-irradiated 

LiF. 
dosage: — 1 
min; 


min; -- 5 


Neutron ane 3 
— 1 day; 


min; — -— 20 


Table 1. Optical and magnetic data for LiF* 


F-center 


coloration 


technique 


X-ray 
Neutrons 
(1 min) 
Neutrons 


(5 min) 8-0 x 10%” 


* N,, is the number of centers/cm* measured magnetically; «,,,, 


M-center 


0-81 
0-83 


0-82 


‘20 0-84 


the maximum absorption coefficient of the F- or 


M-band; Ay, the width at half-maximum absorption in electron volts; fi, fg, and fa are the oscillator strengths deter- 


mined for a Lorentz, gaussian, and the observed line shape. 
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the experimental results used for the determination 
of the optical oscillator strengths are shown in 
Table 1. These absorption data for the F- and 
M-bands are in agreement with the more detailed 
study of DELBECQ and PRINGSHEIM.) Data for two 
of the neutron-irradiated samples are included, but 
the data for the more opaque sample, number 4, 
are less accurate, since the maximum absorption of 
the F-band was determined by an extrapolation 
of the measurements taken on the long-wavelength 
side of the band to the known line center at 4-95 
eV. This technique avoids some of the error which 
is introduced by the presence of the 222 band or 
other bands which cause a large amount of back- 
ground on the short-wavelength side. The oscil- 
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examination is of interest. If one assumes that the 
two oscillator strengths are equal, and both types 
of center contribute to the temperature-dependent 
paramagnetism, then one obtains an oscillator 
strength of 0-87 for the neutron-irradiated and 0-84 
for the X-irradiated crystals. A very low value of 
the oscillator strength for the /-band, such as that 
suggested by Lorp, would require an oscillator 
strength of the order of 1-6 for the neutron-irradi- 
ated and 0-97 for the X-irradiated crystal. It may 
be noted that Lorp’s value would require that ap- 
proximately one-half of the magnetic contribution 
in the neutron-irradiated samples is due to the 
M-center, or the M- and F-centers are equally 
prevalent. 
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NEUTRON DOSAGE /cm2 


Fic. 4. Magnetic centers as a function of neutron dosage. 


lator strengths determined from the area under the 
curve and for a Lorentzian line shape are deter- 
mined by neglecting the magnetic contribution of 
the M-band. This introduces an error of a few per 
cent if the oscillator strength of the F- and M- 
centers are comparable. If the oscillator strength 
for the M-band is as small as suggested by 
Lorp‘’) from his analysis of the second moment of 
the F- and M-center spin resonance, 1.e. f ~ 0-08, 
then a _ considerable revision in the 
oscillator strength for the F-center is required. 
Since the ratio of the peak absorption of the F- 
and M-bands in the neutron-irradiated crystal, 
75/450, is a factor of two larger than in 
10/121, a closer 


upward 


AMOR 
the X-irradiated crystal, «jy/xr 


B 


Since some of our samples contained a large 
number of M-centers, the microwave absorption 
spectra* for the samples irradiated with neutrons 
for periods of 20 min and of 1 day were obtained 
for comparison with prevision work on the hyper- 
fine structure of the F-center. In both crystals a 
g-value of 2-002 and a line width at half maximum 
of approximately 140G These 
values are in agreement with the previous work, 


were observed. 
but since the hyperfine structure was not resolved, 
no comparison could be made with the suggestion 


* We are indebted to Mr. Geusic of the Dept. of 
Physics, Ohio State University, for making these micro- 
wave absorption measurements. 
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of Lorp‘”) that the second moment of the F-center 
alone is 1460 G 


that the 


In this respect it should be noted 


conclusions regarding the oscillator 


of the .d-center from microwave mea- 


very dependent on the value taken for 


strength 
surements 1S 
the second nent of the F-center 


b) Effects in Neutron-Irradiated LiF 


{ 


nber of magnetic 


unction of integrated thermal neutron 


I n centers formed in 
| iF as a 


flux or dosage is shown in Fig. 4, and the results are 


tabulated in Table 2. The optical absorption curves 


Veutron-irradiated LiF 


Table 2 


tic centers 


After the 


Fig. 3 
magnetic centers 
is the order of 
al neutron ab- 
sorbed over a broad range of dosage until saturation 
The 


ters 1s attributed to 


19 


centers /cm? 
defects. It is quite difficult 
1018 F-centers cm? in 


X-irradiation 


g: although concentrations com- 


low-energy 
itron-irradiated crystals were 
for thin films 


a te 4 
alkali halide 


e explanation of 


a large number of 


‘renkel defects, are 
utron bombardment. 
gy for the production 

is the 4-7 MeV energy of the « 
in the Li (nm, ~)®H 
g X-ray diffraction 


tritons produced 


and 


and C 


HEER 


gravimetric density measurements, BINDER and 
SturM) have shown that at least 94 per cent of 
the lattice expansion in neutron-irradiated lithium 
flouride is due to the interstitial ions or atoms. The 
increased magnetism is interpreted as due to 
electrons or holes trapped at vacancies, or to inter- 
stitial atoms or ions having an odd number of 
electrons. Comparison the data for X- 
irradiated crystals indicates that the predominant 


with 


contribution to the paramagnetism is due to the 
F-center, and in our discussion the magnetic con- 
tribution of other type centers such as the M- 
centers have been regarded as small. 

If, for intermediate dosages, one assumes that 
one Frenkel defect or vacancy interstitial pair is 
produced for each magnetic center observed, then 
approximately 15,000 defects are produced for 
each thermal neutron absorbed at a dosage of 
3 x 10!8 neutrons, 5000 at a dosage of 6 x 1014, and 
500 at 4-3 
formed saturates at approximately 8 


1016. The number of magnetic centers 
1019/cm?, 
and at a dosage of 3 « 10!6 neutrons/cm?. The re- 
sults of Mayer et al.0% and of SMALLMAN and 


Wituis") indicate that the lattice parameter of 


lithium flouride as a function of 


neutron dosages 
increases linearly up to dosages ten times greater 


at which the 


than the dosage magnetism saturates 
EsHELBY(!2) has shown that interstitials will give 
rise to a uniform lattice expansion which is pro- 
portional to the concentration of interstitials. Thus 
one may interpret the results on lattice expansion as 
that the 


interstitials persists up to dosages of the order of 


indicating production of vacancies and 


31017 neutrons’cm2, while the magnetic color- 
center concentration saturates at a dosage of the 


1016. The rate of lattice expansion?) 


orde r of 3 


for dosages greater than 1016 is consistent with the 


value of 1900 Frenkel defects neutron ab- 


sorbed, as suggested by Seitz and KOEHLER. ®) 


per 


The production of magnetic centers and F-centers 
does not appear related to this value, and is much 
greater Over most ol the range of neutron dosage. 
[he conversion of electron excitation into atomic 
displacements near dislocations or imperfections, 4) 
or the production of atomic displacements by 
multiple ionization(!>) may be necessary to explain 
the larger rate of production. The early saturation 
of the production of magnetic defects is in ac- 
cordance with the suggestion that F-centers are 


separated by more than six lattice units. In this 
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respect it is interesting to note that CRAWFORD and 
WirTTeELs“® observed a similar value for the satura- 
tion of paramagnetic centers in their investigation 
of the optical and magnetic properties of neutron- 
irradiated quartz. It is not apparent to us at this 
time how the separation of F-centers may be 
correlated with the size of defects observed by 
small-angle X-ray scattering.(11.1% 


(c) Magnetic Effects 

In view of the large spatial extent suggested by 
the various models for the wave functions of the 
F-center,8) it appeared of interest to see if any 
effects due to the overlap of the wave functions of 
neighboring F-centers could be observed in the 
more densely colored crystals. If, as discussed in 
the Appendix, hydrogen-like wave functions are 
used and an interaction between neighboring F- 
centers similar to that in a hydrogen molecule is 
assumed, then a splitting between the triplet state 
of parallel spins and the singlet state of the anti- 
parallel spins is expected. This splitting will cause 
a deviation from Curie’s law at temperatures com- 
parable to the splitting. A more detailed discussion 
of the expected splitting and the correction to the 
temperature-dependent paramagnetism is given in 
the Appendix. In Fig. 5 the torque on one of the 


‘~ 
TS 


, ARBITRARY UN 


ITY 


SUSCEPTIBIL 


MAGNETIC 


Fic. 5. Magnetic susceptibility as a function of 1/7 for 
the 2-day neutron dosage. 
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most densely colored crystals, neutron irradiation 
for 2 days, as a function of the reciprocal tempera- 
ture is shown. Since the torque is a direct measure 
of the paramagnetic susceptibility, this may be re- 
garded as a plot of the susceptibility as a function 
of reciprocal temperature. Within the experimental 
accuracy, the temperature-dependent paramagnet- 
ism follows that indicated by equation (2) with a 
value of 5 less than 0-01 at 1°K. The absent or very 
small correction term 6 may be explained by 
assuming that either the F-centers are spatially 
separated by more than six lattice units, or that the 
spatial extent of the wave functions is considerably 
less than suggested by the hydrogen-like wave 


functions. 


5. CONCLUSIONS 

It is not possible to deduce with certainty the 
optical oscillator strengths from this correlation of 
optical and magnetic data. Under the assumption 
that the magnetic contributions of the /-band and 
bands on the short-wavelength side of the F-band 
are negligible, the oscillator strength of the F-band 
determined for the X-irradiated LiF is the same as 
for the neutron-irradiated. The ratio of the peak 
absorption of the F- and M-bands varied between 
samples, and allow the conclusion that the ob- 
servations are consistent with either a magnetic 
M-center with an oscillator strength comparable to 
the F-center, or with a non-magnetic //-center 
An error of 5 per cent is introduced in the first and 
none in the second. The investigations of F. J. 
Reip@9 on X-irradiated KCl yield a value of 
oscillator strength for the F-band the same as 
found by Raucu and HEER”) for additively colored 
KCl. He also investigated the change in para- 
magnetism as the F—M conversion took place under 
irradiation in the F-band at room temperature. ‘The 
rapid growth of the R-bands and the distortion of 
the F-band 
separating the absorption of the F-band from the 


caused considerable difficulty in 


background. A change in paramagnetism by a 
factor of two was accompanied by a change in the 
peak F-band absorption by a similar amount. 
Recently Serrz@® has called our attention to the 
desireability of performing similar experiments in 
which the F—M conversion takes place at tempera- 
tures well below room temperature. The investiga- 


tions of VAN Doorn indicate that the R-bands 


may be avoided at these lower temperatures, and 
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it should be possible to obtain data considerably 
superior to that obtained by Rerp. Although our 
] 
results 


are not conclusive, we interpret them to 
indicate that additive coloration, X-irradiation, and 
neutron 


F-band oscillator strength in those samples in 


irradiation yield similar values for the 


which the predominant coloration is due to the 
F-band. From this we conclude that within ap- 
proximately 

the F-band 


The number of color centers in LiF saturates at 


cent the oscillator strength of 
0-82 


5 per 
in LiF is given by f, 
1 value of approximately 8 x 1019 centers/cm?. This 
saturation occurs at a dosage which is ten times 
smaller than the dosage producing saturation in 
vacancies and interstitials, and is consistent with 
data. The 


absence of a correction to the Curie-type para- 


the interpretation of the magnetic 
magnetism at the lowest temperatures indicates 
that F-centers are probably spaced more than six 


lattice units apart 


The authors wish to thank Mr. F. J. 
in this 
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APPENDIX 


the overlap of the 
tions of neighboring F-centers on the para- 
ility, the system of F-centers has been 


ar to a dilute gas of hydrogen atoms 


ar co-ordinates are ‘‘frozen’’ into a 


The 


+} 


ihguration interaction as a function of 


an then be computed as a function of 


oms in analogy 


le- 


paration of two hydrogen at 


tler—London theory of the hydrogen mo 


rs Wlil give ft 


ise to the predominant inter- 
tic susceptibility of a pair for a 
separation and temperature can 
1 then summed over the pairs for various 
Heitler 1don theory of the 


} } 


energy difference between the 


5) 
diand 
valuate d 
were 


nplified 


(6) 


and C. V. 
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8 1-36x10-* cm. If the separation between 
vacancies, R, is greater than three lattice units, the 
energy difference, A, between the anti-symmetric and 
symmetric levels is approximately given by 


where 


A ~ 140 exp(—2-46R) eV, (7) 


where R is measured in lattice units, 2:01 x 10-§ cm for 
LiF 

The paramagnetic susceptibility of such an interacting 
pair of F-centers is estimated by assuming the anti- 
symmetric state has parallel magnetic spins, and the 
ground state anti-parallel spins. Then the susceptibility 
of a pair is 
(g8)?/2kT[} exp(A/kT)+#]—. = (8) 
A summation over a random distribution of pairs yields 
for the paramagnetic susceptibility per unit volume 


Xpair 


1/N 
x=xo | [Lexp(A/RT)+3]-47R2dR_ (9) 


0 


where xo N(g3)?/4kT is the susceptibility in the ab- 
sence of interaction, and N is the number of F-centers 
per unit volume. Since A is such a strong function of R, 


the susceptibility is approximately given by 


x = xol[1—NV*] (10) 


where )’* is the volume in which the interaction energy 
between a pair exceeds the thermal energy, i.e. A kT. 
If the centers are randomly distributed, then NV * 

8(T), the correction terms referred to in equation (2) 
If, by virtue of some non-random process, centers do not 
occur closer than a specified distance, then the definition 
of § must be suitably modified. Thus if no centers occur 
V*, the term & is zero. An examination of the 
curve shown in Fig. 5 no temperature- 
dependent correction from that for normal paramagnetics 
is required. Since ’* is highly dependent on the tem- 
perature, this suggests that no appreciable number of 
centers are closer than six lattice units in the sample with 


inside 
indicates that 


the highest concentration of F-centers. 
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into the contributions due to the 90 
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un grand nombre d’anomalies que nous interprétons. Les 


L’intérét principal de cette méthode réside dans son 








1 has been found and mea- 


lutions of carbon in iron. The results are interpreted by N&EL’s theory 


time decrease of the induction allow the determination of the diffusion after- 


and 180° BLocu walls and 


hich theory gives a simple expression. The diffusion mechanism can be accurately represented 


fairly wide range of time constants. 


fields, but in this case, the 


| currents 


It seems that the measurement of the diffusion after-effect field could be used as a very sensitive 


1. INTRODUCTION 
DANS un premier travail, nous avons passe en 


revue les principaux aspects du trainage mag- 
nétique de diffusion. De nombreux auteurs, parmi 
lesquels nous citons en tout premier lieu RICHTER" 
et SNOEK®) l’ont observé dans les aciers a structure 
de cube centré. Ses effets dépendent de la sus- 
ceptibilité reversible de la substance et beaucoup 
de la température. Ses causes sont aujourd’hui bien 
connues. La plupart des observateurs attribuent ce 
trainage a la diffusion dans le réseau cristallin 
ferromagnétique, d’atomes de carbone ou d’azote 
interstitiels. Par contre, les mécanismes qui nous 


method for the quantitative determination of dissolved impurities. 





rendent sensible cette diffusion sont beaucoup 
moins bien connus 

L’existence simultanée du trainage mécanique 
magnétique dans les mémes 
SNOEK a penser que la 
migration des atomes étrangers tend 4a relacher les 


et du _ trainage 


échantillons a conduit 
contraintes élastiques dans le réseau. Le relache- 
ment des contraintes de magnétostriction con- 
duirait dans ces mémes échantillons au trainage 
magnétique observé. Mais NEEL a démontré®) que 
ce mécanisme, s’il existe, n’est certainement pas 
prépondérant, car incapable en particulier de 
rendre compte des énergies mises en jeu. II 
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propose) de lui substituer un couplage du type 
magnétocristallin entre chaque atome étranger et le 
réseau. Par l’intermédiaire de cette théorie, qui 
nous a guidés tout au long de notre travail, nous 
rendrons compte des faits expérimentaux d’une 
manicére plus satisfaisante que dans tous les essais 
antérieurs, confirmant ainsi les hypotheses de 
départ. 

Nous rappellerons d’abord les bases de la 
théorie de NEEL, ses conclusions et nous en dis- 
cuterons les possibilités de vérifications expéri- 
mentales. Apres avoir décrit tres brievement la 
préparation des solutions solides de carbone sur 
lesquelles ont porté nos mesures, nous étudierons 
en détail le phénomeéne connu sous le nom de 
désaccommodation de la perméabilité et nous le 
présenterons sous un jour nouveau. Nous inter- 
preterons ensuite certains aspects du comporte- 
ment de ces mémes substances dans un champ 
alternatif sinusoidal. Enfin, pour terminer, nous 
envisagerons une application du trainage de diffu- 


sion. 


2. RAPPEL DE LA THEORIE DU TRAINAGE DE 
DIFFUSION 

(a) Schéma cristallin 

Considérons un cristal de fer «, a structure de 
cube centré et désignons par OX, OY et OZ les 
directions des axes quaternaires. Un tel cristal peut 
contenir en solution solide métastable a tempéra- 
ture ordinaire une trés faible quantité de carbone. 
Si les mesures de densité conduisent a penser que 
chaque atome de carbone est en position inter- 
stitielle, le doute est permis quant a la place réelle 
qu’il occupe dans le réseau. On peut l’imaginer a 
priori au centre d’un octaeédre, en position (4, 0, 0) 
ou au centre d’un tétraedre en position (4, }, 0). 
Les rayons X sont impuissants a préciser sa place 
exacte, le numéro atomique du carbone étant trop 
petit et les solutions solides toujours trés diluées. 

L’ambiguité entre ces deux configurations ne 
revét aucune importance pour le probleme du 
trainage de diffusion, si l’on remarque que chaque 
arrangement présente, a l’échelle des quelques 
atomes proches voisins, un axe de sym¢trie parallele 
a OX, OY ou OZ. Si cet axe de symétrie est 
dirigé suivant OX, nous dirons que l’atome de 
carbone occupe un site X. A partir d’une certaine 
température, sa position ne peut plus étre con- 
sidérée comme immuable. A la faveur de |’agitation 
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thermique, l’hétéroatome se déplace par bonds 
successifs. Il peut gagner indifféremment |’un des 
quatre sites voisins les plus proches (2 sites Y et 2 
sites Z) distants de 1,4 ou 1 A selon la place qu il 
occupe initialement. 

Pour passer d’un site quelconque a l’un des sites 
immédiatement voisins, l’atome de carbone doit 
franchir une barriére de potentiel de hauteur Wg et 
pour cela, posséder une énergie thermique 
suffisante. La barriére de potentiel Wg, étant trés 
sensible aux positions relatives des atomes de fer 
voisins du site, il semble difficile de la définir avec 
précision. Elle peut varier d’un point a un autre en 
raison des défauts du réseau, et d’un instant a 
autre, en un point donné, a cause des vibrations 
thermiques du cristal. Nous pouvons toutefois 
espérer rendre compte de la diffusion, en imaginant 
que le cristal peut étre divisé en domaines tres 
petits, ne comportant que quelques atomes chacun, 
a l’intérieur desquels les barrieres de potentiel 
entre les différents sites ont une hauteur W, bien 
définie et indépendante du temps. Nous appel- 
lerons alors g(Wq)dW, la probabilité de rencontrer 
un domaine dont les hauteurs des barrieres de 
potentiel sont comprises entre Wg et Wqg+dWg. 

Supposons maintenant un déséquilibre quel- 
conque dans les populations des différents sites. La 
diffusion tend a ramener une répartition d’équilibre 
avec une constante de temps @ pour chaque do- 


maine de la forme: 
6 =C exp(W,/kT) (1) 


ou k est la constante de BoLTzMANN. Le facteur C 
varie lentement avec W, et la température absolue 
T. La migration des atomes dans tout le cristal 
dépend alors de la probabilité p(@)d@ de trouver 
une constante de temps comprise entre @ et 6+d8. 
Dans |’état actuel de nos connaissances 9(Wg) 
étant inconnu, nous ne pouvons pas en déduire 
p(@), et nous devons nous limiter 4 une premiere ap- 
proximation utilisée avec succes par RICHTER, 
BECKER et NEEL. Ces auteurs supposent q(Wa) 
constant entre deux limites W,) et Wao, et nul en 
dehors de cet intervalle. Les constantes de temps @ 
sont alors réparties dans un spectre dont nous 
appellerons 0, et 2 les limites. II résulte de l’équa- 


tion (1): 


————— (2) 
Pt O(log 62—log 61) 
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Une telle distribution est désignée sous le nom 
de répartition logarithmique des constantes de 
temps. L’agitation thermique des atomes de fer 
ne peut pas expliquer, a elle seule, la présence d’un 
spectre étalé de constantes de temps de diffusion. 
(b) Hypothe se de Néel 

Ce mécanisme de diffusion étant admis, com- 
ment peut-il influencer les propriétés magnétiques 
NEEL“ 


hypothése particulierement fructueuse. I] suppose 


du cristal? C’est ici que introduit une 
que les sites X, Y et Z ne sont pas équivalents du 
point de vue énergetique, en présence de |’aimanta- 
tion spontanée. Chaque site occupé par un atome 
étranger est couplé au réseau ferromagnétique par 


une énergie de la forme: 


Ww COS“ @O 


ou ¢ désigne l’angle de la direction d’anisotropie 
du site avec la direction de l’aimantation spontanée. 
NEEL souligne que cette énergie est d’origine 
purement magnétocristalline. Elle ne fait pas inter- 
venir la magnétostriction et n’exige a priori aucune 
déformation du réseau; mais une telle déformation 
tres localisée de la maille existe vraisemblablement, 
car, 4 moins de supposer les atomes de carbone 
interstitiels trés fortement ionisés, on ne saurait les 
loger librement dans les sites proposés. Si nous 
remplacons le cristal de fer par un empilement de 
spheres rigides, les deux sites envisagés n’acceptent 
sans déformation, selon D1jksTRA™? que des atomes 
de rayon 0,19 et 0,36 A respectivement. Or, le 
ju carbone est de O8A 

d’apres GOLDSCHMIDT et PAULING. Toutefois, cette 
déformation possede la méme direction d’aniso- 


que le site, et, 


rayon atomique ¢ Voisin 


tropie dans ces conditions, elle 


n’affecte nullement la forme de |’équation (3). En 
i 


résumé, devant l’insuffisance de nos connaissances 
; . ‘ : 

sur les couplages a l’échelle atomique, il semble 
le penser que |’arrangement uniaxial 
Vhétéroatome est a l’origine d’une 
d’anisotropie dont un développement, 

a son premier terme, doit avoir obligatoire- 
forme NEEL. 


ment la prevue pal 


c) ¢ 'OnSse que 11C€S 

L’état d’équilibre étant obtenu quand |’énergie 
lu systeme est minimum, il en résulte, pour une 
direction d’aimantation spontanée, une répartition 


anisotrope des atomes de carbone sur les différents 
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sites. Nous dirons que nous avons alors une ((sur- 
structure d’orientation)), c’est-a-dire un arrange- 
ment atomique qui dépend de la direction de 
laimantation spontanée. Toutefois, il n’est pas 
possible de dire a priori, le signe de w étant in- 
connu, si le fait de diriger l’aimantation suivant une 
direction OX contribue a un enrichissement ou un 
étant d’ailleurs 
beaucoup plus petit que Wg, l’enrichissement ou 


appauvrissement des sites X. w 


l’appauvrissement de la population des sites 
privilégiés reste toujours suffisamment faible pour 
que la répartition d’équilibre s’écarte peu de la re- 
partition isotrope. Ces transferts de population 
s’effectuent par diffusion, a une vitesse déterminée 
par la répartition p(@) des constantes de temps @. 
Nous appellerons état stabilisé celui qui correspond 
a la répartition d’équilibre des atomes de carbone 
sur les différents sites. Cet état stabilisé, quand il 
n’est pas déja réalisé, est certainement en cours de 
réalisation par l’intermédiaire des mécanismes de 
diffusion a la faveur de l’agitation thermique. 
Nous n’avons considéré jusqu’ici que des dé- 
placements des atomes de carbone consécutifs a 
un changement de structure magnétique de 
l’échantillon, c’est-a-dire, 4 proprement parler, 
l’établissement d’une surstructure d’orientation. 
Nous allons envisager maintenant un autre aspect 
de la question. Considérons a un instant donné la 
substance dans un état different de l'état stabilise. 
Un certain nombre de sites préférentiels sont vides 
et un nombre équivalent de sites défavorables 
occupés. Au lieu d’attendre suffsamment long- 
temps pour que la diffusion modifie cette réparti- 
tion, on peut changer convenablement la direction 
de l’aimantation spontanée pour abaisser instan- 
tanément |’énergie du systeme et par conséquent le 
stabiliser. Au cours de cette opération, tout se 
passe comme si les sites défavorables précédents 
devenaient des sites préférentiels et vice versa. En 
d’autres termes, pour un systeme non stabilisé, on 
peut trouver généralement une structure mag- 
nétique différente de la structure existante, et qui 
minimise l’énergie totale de la substance. Chaque 
paroi de BLOCH qui sépare deux domaines élé- 
mentaires de WEIss est alors soumise a une pres- 
sion de la part du réseau ferromagnétique. Cette 
pression P(t), appelée pression de trainage, tend a 
déplacer la paroi jusqu’a obtenir la structure mag- 
nétique d’énergie minimum. Ces deux aspects, 


surstructure d’orientation d’une part, trainage 
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magnétique d’autre part, sont complémentaires et 
indissociables. Ainsi, pour calculer la pression de 
trainage qui est toujours une fonction du temps a 
cause de la diffusion, il est nécessaire de se fixer 
arbitrairement au départ une certaine surstructure 
d’orientation. NEEL la suppose nulle, c’est-a-dire 
qu’il imagine une répartition isotrope des atomes 
de carbone a l’origine des temps. I] obtient alors 
pour P(t) expression suivante 


t 
P(t) = — Wo| f(U)g(t—7) dr (4) 
0 


§—La pression Wp est liée a l’énergie w introduite 
précédemment par la relation: 

- cw? : 

5 

~ 3a ») 

ou c est le nombre d’atomes de carbone par cm? de 

fer, k la constante de BOLTZMANN et 7' la tem- 
pérature absolue. 

§—7r doit étre considéré comme une variable d’in- 

tégration et désigne un temps quelconque 
compris entre 0 et f. 
A chaque instant ¢, la pression de trainage 
dépend non seulement de la position u(t) de la 
paroi de BLOCH mais aussi de toutes les posi- 
tions u(7) antérieures qui, chacune pour leur 
propre compte, ont influencé la distribution des 
atomes de carbone. Cette histoire magnétique 
de la paroi se manifeste par l’intermédiaire du 
déplacement 


U(t) = u(r) —u(t). (6) 


La nature de la paroi de BLocu définit la fonc- 
tion f(U). 

C’est une fonction impaire de U. Pour une 
paroi a 90°,—f(U), que NEEL note—f’(U), est 
uniformément croissante et tend vers l’unité 
dés que la paroi s’est déplacée d’une distance 
supérieure a sa propre épaisseur. Pour une 
paroi a 180°,—f’(U) croit jusqu’a une valeur 
tres voisine de 2, obtenue pour un déplacement 
U de l’ordre de la moitié de son épaisseur, puis 
tend rapidement vers zéro pour un déplacement 
double. Nous reproduisons dans les Figs. 1 et 2 
allure générale des fonctions f'(U) et 
f'(U). 


Le processus de diffusion des atomes de car- 
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bone impose la forme suivante pour la fonction 


g(t—r) : 


- “ dé. (7) 


La pression de trainage P(u, t) est donc en- 
tierement définie. 


-f’(U) 














1000..~«*1500 2000 


Fic. 2 


Considérons une paroi de BLOCH a laquelle nous 
appliquons au temps ¢ un champ extérieur H(t). 
Cette paroi se déplace jusqu’a annuler la résultante 
des pressions qui s’exercent sur elle. 


H(t) - (J, —J2)+ R(u)+P(u, t) = 0 (8) 


J, et Jo étant les vecteurs aimantation de part et 
d’autre de la paroi. Le premier terme de |’équa- 
tion (8) représente la pression du champ extérieur 
appliqué. R(u) s’oppose au déplacement. Cette 
pression rappelle la paroi vers quelques positions 
privilégi¢es, en rapport avec les différentes per- 
turbations du réseau ferromagnétique. Elle ne 
dépend nullement du temps ¢, et LLIBOUTRY 
’appelle® (l’opposition)). 

L’équation intégrale (8) résoud en principe le 
probleme du déplacement de la paroi au cours du 
temps. C’est l’équation fondamentale du trainage. 
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e forme générale, elle n’est pas d’une 


mode pour |’expérimentateur. Les 
rmes varient d’une paroi a l’autre, 
ibles que statistiquement. Nous 
nplifier le probleme en imaginant, 
substance ne comporte que 
ntaires de WEISS, séparés par 
rface constante, d’orientation 
venables. Le déplacement u 
proportionnel a 


st alors acce 


l’aimantation 
ssible Il reste a 
us quelles conditions la pression de 


rme plus mani- 


3. POSSIBILITIES DE VERIFIER EXPERIMENTA- 
LEMENT LA THEORIE DU TRAINAGE DE 
DIFFUSION 

ms nous placer dans des conditions 
es ol nous pourrons obtenir avec preé- 
une expression commode de la pression de 
ape P u, i 

\Wéthode des approximations SUCCESS1VES 
NEEL propose de résoudre |’équation intégrale 
(8) par approximations successives. Nous sup- 
posons d’abord la pression de trainage négligeable 
et nous déterminons le déplacement de paroi up qui 


Satisié 


uit a l’eéquation 
H( J, —Je)+ R(uo) 0. (9) 


Nous utilisons ce déplacement up pour le calcul 
d’une pression de trainage P(uo, t) qui, reportée 
dans |’équation (8), permet d’obtenir une premiere 
approximation u; du déplacement de la paroi. En 
répétant cette opération, P(u;, ¢t) fournit une 
deuxiéme approximation wg, etc. 

Cette méthode n’est d’un emploi commode, que 
si nous pouvons la limiter 4 un nombre réduit 
d’opérations, une ou deux pour préciser. Pour que 


la suite uo, U1, Un soit rapidement convergente, 


il faut P(u, t) petit vis-a-vis des deux autres termes 


de l’équation (8). L’expérience nous a montre que 
cette condition n’est jamais réalisée dans les échan- 
tillons que nous avons préparés, le terme Wo//s 
n’étant jamais petit vis-a-vis des champs ap- 
pliqués. Pour qu’il le devienne, il faudrait opérer 
sur des solutions solides tellement diluées (a des 
concentrations pondérales de l’ordre de 10-7 pour 
fixer les idées), que toute précision expérimentale 
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serait bannie. On éprouverait en outre de trés 
grosses difficultés 4 réaliser des solutions solides 
homogénes en supposant qu’on ait encore des 
moyens de contréle. Nous ne pouvons donc con- 
fronter l’expérience et la théorie qu’a la faveur de 
cas particuliers. Nous proposons |’étude de deux 


d’entre eux 


(b) Etude de la désaccommodation de Il’ induction 


A Vorigine des nous désaimantons 


l’échantillon dans un champ alternatif décroissant. 


te Mmps, 


Nous admettons pour |’instant, en nous réservant 
d’y revenir ultérieurement, que cette opération 
distribution des atomes de 


réalise une 


carbone sur les différents sites. La substance reste 


isotrope 


alors au repos pendant un certain temps au cours 
duguel s’établit un début de surstructure d’orienta- 
tion suivant les directions d’aimantation spontanée 
des domaines élémentaires. Au temps ¢, nous ap- 
pliquons un champ H, et nous effectuons une 
mesure aussi instantanée que possible de l’induc- 
tion correspondante B(H, t), par exemple a l’aide 
d’un montage comprenant un _ galvanometre 
balistique. 

Les conditions d’expérience correspondent a 
Q pour la paroi de BLocu, puisqu’elle est 
toujours jusqu’au temps tf. 
D’apreés la formule (6), U(t) u(t) et f( —2) peut 
étre extrait de l’intégrale (4). Il vient 


u( 7) 


restée immobile 


t 


—Wo- f(—u) ( o(t—r) dr 


(10) 


0 


Wo « f(u) + G(t) (11) 


4 


G(t) [ o(t—7) dr. (12) 


0 
Nous obtenons ainsi une véritable séparation des 
variables u et ¢. Le déplacement de la paroi est 
alors solution de |’équation beacoup plus simple : 


H - (J; —J2)+-R(u)+ Wo - f(u) + Gd) 


Pour un champ H donné, le déplacement u ob- 
servé décroit donc d’une valeur uo solution de 
l’équation (9) a une valeur uo quand G(t) 1 au 
bout d’un temps ¢ suffisamment long. En d’autres 
termes, la valeur de B(H, t) mesurée décroit entre 
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deux limites B(H, 0) et B(H, o). C’est le phéno- 
méne connu sous le nom de désaccommodation de 
la perméabilité ou de linduction. Nous verrons 
dans un prochain paragraphe comment raccorder la 


mesure de B(H, t) a l’équation (13) précédente. 


(c) Etude du comportement em champ alternatif de 
grande amplitude 

Nous 
lorigine des temps et nous le laissons au repos 
jusqu’au temps ¢; ou nous lui appliquons un champ 


désaimantons toujours l’échantillon a 


alternatif sinusoidal. 

NEEL a développe' 
trainage exercée dans c« 
a 90° animée d’un mouvement alternatif 
amplitude. Son résultat correspond a la premiere 
approximation que nous avons appelée P(uo, £) 
Mais f’(u) ne dépend pratique- 
Une modi- 


1) le calcul de la pression de 
es conditions sur une parol 


de grande 


précedemment. 
ment que du signe de wu [ f’(u) 1]. 
fication d’amplitude du déeplacement ne modifie 
nullement alors la pression de trainage et dans ce 
cas particulier, P(uo, t) s’identifie avec tous les 
termes suivants qu on peut obtenir par — la- 
P(uy, t), P(ug, t),... P(un, t). 

AN ce Vutilisation 


tions successives : 
Nous _justifierons 
directe des résultats obtenus par NEEL pour les 
seules parois a 90°. 

En résumé, nous pouvons obtenir une expres- 
sion relativement simple de P(u, t) dans deux cas 


thermecouple 
enregistreur 


iso-octane 


P ] 
detendeur | 


filtres a 
Poussieres 
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particuliers : d’une part, au cours de la désaccom- 
modation de l’induction, d’autre part, dans 


champs alternatifs sufisamment forts. Nous 


limiterons donc a ces deux types d’expérienc« 


4. PREPARATION DES ECHANTILLONS 


Les nombreux alliages du commerce qui manif 


un trainage de diffusion plus ou moins important 


peuvent pas faire l’objet d’une étude quantitative, « 


ne sont jamais suffisamment bien définis. Ils contienner 


en général tellement d’impuretés qu’on ne peut 


mettre en cause le comportement d’une seule 


elles avec certitude. Nous préparons donc les échantillons 


sur lesquels portent ensuite les mesures magnétiques. Ce 


dans du fer a des 
concentrations pondérales de l’ordre de 0,01 
anneaux de 


sont des solutions solides de carbone 
pour-cent. 
au départ des fer com- 
Armco, 


, 2 
mm et epaisseur VU,5 mm 


Nous utilisons 
mercialement pur, du type de diamétre extérieur 
48 mm, diamétre intérieur 33 
Nous les purifions trés soigneusement par un séjour de 
8 hr a 1350°C 
La substance obtenue posséde alors une 
voisine de 1000 G/Oe, 
15 000 G/Oe 


décarburation et 


dans un courant permanent d’hydrogéne 
per- 
une per- 
et un champ 
trempe, 
de 
de 
pas alors de carbone en 


humide. 
méabilité initiale 
méabilité maximum égale a 
Oe. Aprés 
jamais 


coercitif de 0,35 


n’avons constaté la moindre trace 


de diffusion 


nous 
trainage 
l’ambiante et inférieures. 
Nous admettons qu’il n’y en pas non 


aux températures voisines 
Iln’ya 
solution solide. 
plus a 1l’état précipité. 

carburation des anneaux a une 
température 700°C, en atmosphére d’hydro- 
géne contenant 1 pour-cent environ d’hydrocarbure. La 


En fin 


Nous effectuons la 
voisine de 


Fig. 3 représente un schéma du dispositif utilisé. 
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Fic. 3. Schéma du montage utilisé pour la carburation des échantillons. 





a 


er 


resis 


t10n, 


ance eiectrique, a 


PIERRE 


nous trempons energiquement dans un 


froide l’enceinte étanche et son contenu 
gaz mis en oeuvre au cours des différents 
yut particuli¢rement retenu notre atten- 
la collaboration du Laboratoire des Basses 
lont tenons a remercier le Direc- 
nous avons pu utiliser de |’hydrogéne 
4-10 par 


Tout caoutchouc a été systématiquement 


nous 


s de volume d’impuretés 
circuit des gaz et les anneaux n’étaient en 
le l’alumine pure qu’en trois points seule- 

tal contenu dans les échantillons est 
malheureusement 


10-6 


i precision le nos déte rminations reste assez 


€ Les poids n’étant 


tibles 4 mieux de 5 aprés chaque 


1 


aibles concentrations 


mesures sont effectuées sur des en- 


anneaux aussi homogénes que possible. 
pour 
Pour 


ontré trés grosses difficultés 


itions satistaisantes sur ce point. 


te homogénéité nous mesurons les variations 
la température d’ébullition de 
de quatre anneaux fendus, préparés 


cet usage, et réguliérement répartis 


Nous 


es préparations pour lesquelles on a 


échantillons avons rejeté 


variation de ré- 


ARR 


anneaux, une 


aes 


Fe: , ’ c . : a 
fférente de 15 pour-cent du 


re u ul 
onnellement 
0) OO46 pour- 
N 
tance obser liffér 
Aux faible ( 
\R R cf 


pour-cent 


rbone oncentra 


effi 


un pré- 


mfirme | 


conditions de pre- 
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5. MESURES DE DESACCOMMODATION DE 
L’INDUCTION A L’AIDE DU GALVANOMETRE 
BALISTIQUE 


(a) Mécanisme et contréle des désaimantations 


Nous nous proposons de confronter la formule (13) 
Or, pour 
distribution 


précédemment avec l’expérience. 
établir cette formule, N&EL 
isotrope des atomes de carbone 4 |’origine des temps sur 
les différents sites possibles. Nous préciserons d’abord 


rappelée 


suppose une 


cette hypothése. Nous verrons ensuite par quel méca- 
nisme nous pouvons espérer aboutir a cet état initial et 
enfin comment contr6ler sa réalisation. 

(i) Etat initial de la substance. Au temps t 0, nous 
plagons la substance dans un champ alternatif d’ampli- 
tude lentement et réguliérement décroissante depuis une 
valeur qui assure |’aimantation 4 saturation jusqu’a une 
valeur nulle. Cette opération comme chacun sait, produit 
une redistribution des domaines élémentaires de WEISS et 
l’aimantation moyenne résultante est alors nulle. Mais 
une telle désaimantation ne nous satisfait pas forcément. 
Nous lui demandons en outre de posséder un caractére 
nouveau indispensable a |’étude du trainage de diffusion. 
Nous lui demandons de réaliser |’état statistiquement 
isotrope que N£EL suppose a l’origine des temps. A 
quelle échelle doit-on exiger que s’annule cette sur- 
structure d’orientation? Certainement pas 4a l’échelle de 
quelques atomes, le nombre des sites occupés étant trés 
Certainement pas non plus a une échelle macro- 
du fait 
on peut trés bien trouver une disposition 


réduit 


scopique ou, de l’existence des domaines élé- 
mentaires, 
anisotrope a l’intérieur de chaque domaine et une sur- 
structure résultante nulle. En particulier, une dés- 
aimantation quelconque suivie d’une stabilisation réalise 
un milieu isotrope a4 trop grande échelle. L’état isotrope 
1éorie de NEEL doit 
disons de quelques centaines a quelques 


est en 


t} 


exigé par la t s’annuler a une échelle 


intermédiaire, 


milliers de sites occupés pour fixer les idées. C 


volume une échelle nettement inférieure a celle des 


domaines élémentaires 


Au cours de trainage, nous dirons 


si elle réalise une 


cette étude du 
efficace 
lle A une échalle suffisam- 


d’orientation nulle 
e N&EL soit valable. 


qu’une désaimantation est 
surstructure 
ment la théorie « 


petite pour que 


(ii) Mécanismes possibles des désaimantations ((efficaces)). 


NEEL“ deux mécanismes permettant d’obtenir 
des désaimantations 

D’une 
pliquons a la substance un champ alternatif décroissant 


propose 
efficaces 


part, nous pouvons imaginer que nous ap- 


de grande amplitude du champ coercitif, de 


V1S-a-VI1S 


période petite vis-a-vis de la plus petite constante de 


, et cecil, pe ndant un temps tres grand 


la plus grande constante de temps de 


ge. En chaque point du cristal, l’aimantation prend 


non seulement une valeur moyenne nulle, mais encore 


avec une égale probabilité, toutes les directions de facile 


aimantation si la forme de |’échantillon le permet et ceci, 


en un temps de grandeur des constantes de 


j 


temps de couplage (3) devient 


diffusion. L’énergie de 
alors statistiquement isotrope et la diffusion elle-méme 


rétablit des populations identiques sur les sites X, Y, et Z. 
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NEEL propose d’autre part le deuxieme mécanisme 
suivant. Supposons que la désaimantation bouleverse 
complétement la structure des domaines élémentaires en 
établissant a la fin de l’opération une nouvelle disposition 
des parois de BLOCH sans aucun rapport avec |’ancienne. 
On disposait précédemment d’une surstructure d’orienta- 
tion a l’échelle de chaque domaine ancien que l’opéra- 
tion de désaimantation n’a pas détruite, mais chaque 
domaine nouveau est formé en réalité, de deux ou 
plusieurs morceaux accolés, chacun de ces morceaux 
ayant une surstructure indépendante de celle de ses 
voisins. Dans ces conditions, la répartition des atomes de 
carbone peut étre considérée comme isotrope en moyenne, 
mais dans un volume plus grand que pour le mécanisme 
précédent, ce volume étant au moins de l’ordre d’un 
domaine élémentaire et peut étre de plusieurs. Les 
pressions de trainage partielles qui s’exercent alors sur 
les parois de BLocu 4 l’instant t = 0 ne sont pas nulles. 
La désaimantation sera-t-elle ((efficace)) dans ces condi- 
tions? Pratiquement oui si la nouvelle disposition de 
parois est absolument sans aucun rapport avec l’ancienne, 
auquel cas les pressions de trainage partielles possédent 
des orientations diverses et leur comportement global ne 
différe pas sensiblement de celui qu’on aurait avec une 
désaimantation suivant le premier mécanisme. Certaine- 
ment pas d’autre part, si les parois reviennent méme 
partiellement, 14 ot elles étaient avant désaimantation, 
stabilisation acquise 


car elles bénéficient alors de la 


antérieurement. 


(iii) Contréle de l’efficacité des désaimantations. D’aprés 
les résultats de la théorie rappelés précédemment, les 
mesures de désaccommodation de la perméabilité mag- 
nétique dans un champ constant se caractérisent néces- 
sairement aprés une désaimantation ((efficace)) par une 
décroissance de » monotone. Aussit6t aprés une désai- 
mantation la perméabilité mesurée est maximum, et le 
résultat obtenu ne différe pas de celui qu’on aurait sur le 
méme échantillon sans carbone (équation (9)). 

En conséquence, nous dirons qu’une désaimantation 
est efficace 
(1°) Si la 
mesurée dans un champ faible quelconque est reproduc- 


perméabilité magnétique de 1|’échantillon 
tible quel que soit le nombre des désaimantations suc- 
cessives effectuées. 
(2°) Si cette méme perméabilité mesurée est insensible a 
toute modification apportée au processus de la désai- 
mantation elle-méme, qu’il s’agisse de sa durée, de la 
fréquence du champ appliqué, de la température de 
l’échantillon, etc. 

La reproductibilité de nos mesures au temps t = 0) 
représente le seul critére permettant de juger de |’eff- 
cacité d’une désaimantation. 


(iv) Résultats obtenus. Un échantillon contenant 0,0046 
pour cent de carbone donne des résultats parfaitement 
moins) aprés des 


champ appli- 


reproductibles (a 0,5 pour-cent au 
désaimantations au cours desquelles le 
qué décroit de 2 Oe environ a une valeur nulle en 86 
sec. 

Comme les plus grandes constantes de temps atteign- 


ent plusieurs heures dans les conditions d’expérience, le 
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premier mécanisme doit étre alors rejeté. L’efficacité ne 
peut étre due qu’au second mécanisme. 

C’est d’autant plus vrai que ce type de désaimantation 
cesse d’étre efficace si la concentration en carbone c des 
solutions, devient voisine de 0,01 pour-cent. L’énergie de 
stabilisation W, proportionnelle a c est alors considérable. 
Les positions dans lesquelles les parois ont séjourné un 
certain temps d’énergie 
minimum. Si, par rapport aux autres minima d’énergie 


représentent des _ positions 
qui résultent normalement du couplage de la paroi avec 
les défauts du réseau cristallin, ces minima dus 4 la stabil- 
isation sont suffisamment prononcés, certaines disposi- 
tions primitives des parois se retrouvent aprés désai- 
mantation. La stabilisation acquise ne s’efface alors que 
progressivement au fur et a mesure des désaimantations 
successives a moins qu’on ne fasse appel au premier 
mécanisme envisagé. 

Un tel comportement caractérise tous les échantillons 
qui contiennent plus de 0,007 a 0,008 pour-cent de 
carbone en solution. Pour désaimanter ces substances, 
nous les avons portées a une température généralement 
comprise entre 0° et +10°C, pendant une demi-heure, 
dans un champ alternatif d’amplitude égale a 2 Oe. Elles 
ont été ensuite refroidies lentement sous champ alternatif 
et désaimantées normalement a la température des 
mesures. 

La plus grande partie de notre étude est relative a des 
solutions plus diluées pour lesquelles ces difficultés 


n’existent pas. 


(b) Réalisation des désaimantations 


Nous avons obtenu une excellente reproductibilité 
dans nos mesures de désaccommodation en effectuant des 
désaimantations aussi réguliéres et aussi identiques que 
possible. Notre générateur de courant alternatif d’ampli- 
tude décroissante est constitué par un transformateur 
dont nous déplagons l|’enroulement secondaire, a vitesse 
constante, d’une position ow le coefficient d’induction 
mutuelle avec le circuit primaire est maximum jusqu’a 
une position ot il s’annule pratiquement. Au début de la 
désaimantation, nous appliquons un champ dont |’ampli- 
tude est voisine de six fois le champ coercitif de la sub- 
stance. Au cours de |’opération qui dure 86 sec, |’ampli- 
tude du champ magnétique décroit d’un facteur 30 000 


environ 


(c) Le circuit de mesures 

Nous effectuons nos mesures sur des ensembles de 
seize anneaux disposés en forme de tore. Chaque anneau 
isolé de ses voisins est maintenu a |’intérieur d’une fine 
carcasse en araldite qui supporte deux enroulements de 
80 et 2000 spires environ. Cette carcasse évite d’une part, 
les court-circuits entre les spires de |l’enroulement, et 
d’autre part, annule l|’effet des tensions mécaniques du 
bobinage sur les mesures. Bien entendu, le champ ap- 
pliqué varie d’un point 4 un autre du tore. Nous n’en- 
visageons dans la suite que des champs moyens, pris sur 
la spire médiane de diamétre ¢ = 40,5 mm. De méme, 
nous ne parlerons dans tout ce travail que d’inductions 
moyennes obtenues en divisant le flux d’induction au 
travers d’une spire de l’enroulement par la section 
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5. Nous étalonnons 


d’une bobine de 


P< yur cette operation, 


S¢ 


Cc 


ndaire du tore une 


Appareil 
a 
desoimanter 


pour oD 
pendent 
nstituant 
en 
ie temps 
it 


une 


ntient con- 


stante pendant 24 heures environ 4 -+-0:2°C. L’immense 
avantage de ce systéme réside dans sa simplicité et dans 
l’absence de vibrations communiquées 4 |’échantillon. 
Nous avons utilisé au cours de cette étude une série 
de mélanges eutectiques pour obtenir les tempér- 
atures désirées : NaCl—21,3°C, NaBr—27,3°C, 
MgCl, —33,8°C, et plus rarement CaCl, —55°C 


(VALLAWZ LD 


thermometre 


melange eutectique 


___éther de petrole 


echantillon 


yecipients en cuivre 


ecrans 





tiges tsolantes 











air liquide 


inte isotherme 


(d) Mode opératoire et résultats des mesures 

Supposons un tore a la température de —27,3°C 
porteur de deux enroulements et intégré dans le 
montage décrit précédemment. La clé K étant en 
position 1, (voir Fig. 5), nous le désaimantons. La 
fin de la désaimantation marque l’origine des 
temps. Nous ramenons alors la clé K en position 2 
et au temps ?’, nous fermons le circuit primaire P 
par l’interrupteur /. L’élongation maximum du 
galvanometre balistique permet de calculer l’induc- 
tion B(Hp, t’) prise par l’échantillon dans le champ 
Ho» au temps t’. Nous efftectuons de la sorte une 
série de mesures, en prenant bien soin de deésai- 
manter chaque fois la substance, en conservant la 
méme valeur du champ Ho appliqué et ceci, pour 
des temps ?¢’ différents. La courbe B(Hp, t’) con- 
stitue ce que nous appelons une courbe de deés- 
accommodation de l’induction magnétique dans le 
champ Ho 

Une telle courbe obtenue sur |’échantillon con- 
tenant 4,6-10-° de carbone est représentée Fig. 7. 


Le champ moyen appliqué vaut alors 32 mOe, et 
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Temps, mn 
Fic. 7. Désaccommodation de |’induction. Tempéra- 


—27,3°C, « 0),0046 pour-cent, H 32 mOe. 


ture: 


les mesures sont parfaitement reproductibles a 0,5 
pour cent environ. L’amplitude de cette dés- 
accommodation de |’induction est surprenante pour 
une concentration en carbone aussi faible. I] ne 
faut surtout pas voir le trainage de diffusion comme 
un phénomeéne qui provoque des variations du 
second ordre des propriétés magnétiques de la 
solution. 

Si la plus grande partie du trainage s’observe 
dans les dix premicres minutes, on ne peut 
pourtant pas en conclure que la variation de per- 
méabilité est exponentielle. Une evolution se mani- 
feste encore 2 heures et méme une journée : apres 
désaimantation a des vitesses toujours de plus en 
plus faibles. Ce fait apparait clairement dans la 
Fig. 8 relative au méme échantillon que précédem- 


\ 


\ 
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Fic. 8. Désaccommodation 


d 
mM lon: Tempér: ey y 
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, 


cent, H 


32 mCe 


ment placé dans les mémes conditions. Un simple 
examen condamne donc a priori toute interpréta- 
tion quantitative a partir d’une loi de forme ex- 
ponentielle ne comportant qu’une seule constante 


de temps. 
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(e) Les diagrammes B(H, t’) et les courbes isochrones 


Au cours de tres nombreuses mesures du type 
com- 


précédemment deécrit, nous avons étudié | 
portement d’un échantillon porté a i,3°C 
Nous avons fait varier le champ Hp entre 4 et 80 
mOe environ et le temps ¢’ entre 15 sec et 1000 
min. En possession de ces valeurs de B, nous les 
avons reportées dans un diagramme B(H, t’) avec 
H en abscisse et t’ en parametre. Dans un tel 


BA, 


53U sec), et 


diagramme, nous obtenons une courbe 


fr 15 sec) une courbe B(H, t’ 
Les valeurs adoptees pour le parametre ¢’ sont 


arbitraires. Nous les avons choisies de facon a 

espacer assez régulierement ces courbes que nous 

appellerons désormais des courbes isochrones 
Puis, nous avons recommencé ces opérations en 


1 


modifiant la température de |’échantillon. Finale- 


ment, nous possédons pour la méme substance 
trois diagrammes B(H, t’) relatifs aux tempéra- 
tures : E35 C, 7 Ged Oa 33,8°C (Figs. 
9-11). Aux températures plus élevées et plus basses, 
l’évolution du trainage devient trop rapide ou trop 
lente pour qu’on puisse en suivre facilement les 


étapes. 


(f) Extrapolation des courbes isochrones t = 0 et 
t x 
Supposons une variation d’induction Bo pro- 
duite 15 sec apres désaimantation, par un champ 
appliqué Hj5. Pour produire le méme effet 
en attendant plus longtemps apres la désaimanta- 
tion, il faut appliquer un champ notablement 
supérieur a 5 Le champ supplémentaire 
nécessaire est représenté par un décalage vers la 
droite, pour des temps croissants, des différentes 
\insi 
nous pouvons tirer immédiatement de cette re- 
présentation ce que NEEL a appele le champ fictif 


courbes isochrones du diagramme B(H, t’) 


de trainage, soit au signe pres, le champ qui, 
appliqué a la substance, permet de compenser 
exactement la pression de trainage. C’est un champ 
croissant au cours du temps, théoriquement nul 


0. Sil n’y avait qu’une seule 


pour ¢’ constante 
de temps de diffusion @ pour le carbone, ce champ 
varierait avec t’ comme : 1—exp(—t’/#), c’est-a- 
dire qu’il serait linéaire en fonction du temps, pour 
t’ sufisamment petit. Nous constatons d’aprés les 
diagrammes B(H, t’) que cette condition est assez 
Nous done 


espérer obtenir facilement par extrapolation la 


grossicrement respectée. pouvons 
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| 


9 
t 106, temperature 


4.6 x10 


isochrone B(H, tf V)) theoriquement 
ique 4 la courbe d’induction B(/) de la sub- 
sans carbone. L’expérience montre alors 
courbe ext apolee ainsi obtenue dépend 
de la temperature 
trois diagrammes B(H, t’), nous trou- 
is isochrones B(H, t Q)) paralle les nette- 
nos mesures sur des échan- 
écarburés nous ont toujours donné au 
raire une perméabilité indépendante de la 
rature dans les champs faibles. Entre 20 et 
C, la variation de perméabilité n’excede pas 


ir-cent en l’absence de carbone et les trois 
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courbes B(H, t’ 0) devraient étre confondues a 
la précision des mesures (0,5 pour-cent environ). 
Cette anomalie s’explique parfaitement si on admet 
que l’origine des temps pour le trainage doit étre 
prise un peu avant la fin de la désaimantation 
Pour chaque valeur de B, les trois courbes H(t’) 
convergent en effet, au temps ?’ 0,45 min 
(Fig. 12). Nous avons par conséquent changé 
d’origine des temps et nous appellerons ¢ les temps 
rapportés a la nouvelle origine. ‘Tous les para- 
metres ¢ des courbes isochrones sont alors décalés 
de 0,45 min par rapport aux parametres ¢’ corres- 
pondants. La mesure effectuée 0,25 min aprés 
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désaimantation se retrouve sur la courbe isochrone 
t = 0,70 min, celle effectuée 0,5 min apres désai- 
mantation appartient a la courbe isochrone 
t =.0,95 min, etc. (Figs. 9-11). 


r 
* 


une quinzaine de Gauss, les déplacements des 
différentes parois de BLocH rappelées vers leur 
position d’équilibre par des forces extrémement 
variables, sont alors notablement inférieurs 4 leur 
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Fic. 10 


Que représente cette nouvelle origine des temps 
dans le processus de désaimantation? L’amplitude 
du champ alternatif appliqué 0,45 min avant la fin 
de la désaimantation est de l’ordre de 15 mOe. II 
lui correspond une induction voisine de 15 G. 
C’est précisément pour cette valeur de l’induction 
que les différentes courbes isochrones présentent 
un coude plus ou moins accentué. Nous montre- 
rons que pour des champs d’induction inférieurs a 

c 


propre épaisseur. La stabilisation de chaque paroi 
commence dés que ses déplacements deviennent 
suffisamment petits. En toute rigueur, on devrait 
considérer une origine des temps variable d’une 
paroi al’autre. Mais nos mesures ne permettent de 
déceler qu’un comportement moyen, d’ou l’intérét 
de ne pas trop étaler la phase finale des désai- 
mantations. 

Ainsi les BUA, 


courbes isochrones 
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coincident dans les trois diagrammes. Ultérieure- 
ment, nous montrerons que le décalage entre les 
courbes isochrones B(H, t 0) et B(H, t 00) 
doit étre proportionnel a l’énergie Wo. Quand la 


f= 


PIERRE BRISSONNEAU 


nage encore sensible 1000 min aprés désaimantation, 
une évolution est plus difficile 4 mettre en évidence 
dans le méme champ appliqué 4 —21,3°C. Nous ne 
pensons pas toutefois que la répartition d’équilibre 
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température absolue décroit l’isochrone t= « 
s’éloigne donc indéfiniment dans la direction des 
champs croissants (formule 5). Mais cet effet se 
trouve complétement masqué par un ralentisse- 
ment considérable des processus de diffusion, qui 
nous oblige pratiquement, a un choix arbitraire de 
l’isochrone t = 00, en présence des grandes con- 
stantes de temps rencontrées. 


Si nous observons 42 —27,3°C (Fig. 8), un trai- 


@® 
Oo 


des atomes de carbone soit vraiment atteinte a la 
précision de nos expériences. Mais indépendam- 
ment du temps que prendrait une telle étude, 
notre appareillage ne nous permet pas d’assurer la 
reproductibilité des conditions extérieures néces- 
saire a des mesures dans des temps plus longs. 
Nous avons donc choisi 
BH, t 


—27,3 et 


limite 
oo) pour les diagrammes relatifs a 
33,8°C, la courbe isochrone B(H, 


comme courbe 





TRAINAGE MAGNETIQUE DE DIFFUSION DU CARBONE DANS LE FER « 


t = 1000 min) du diagramme a —21,3°C (courbes 


S des Figs. 10 et 11). 
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Fic. 12. Détermination de l’origine des temps pour 
l’étude de la désaccommodation. 


(g) Interprétation des diagrammes B(H, t) 


(i) Cas d’une paroi de BLocH unique. Imaginons 
un échantillon divisé en deux domaines élémen- 
taires seulement, dont les aimantations respectives 
sont J; et Jo, séparés par une seule paroi de BLocH 
de surface S. Appliquons lui un champ H et 
appelons u le déplacement de la paroi parallelement 
a elle-méme sous l’effet de ce champ. Si la sub- 
stance ferromagnétique est caractérisée par une 
grande perméabilité, on peut identifier pratique- 
ment l’induction moyenne B mesurée et 47 J, J re- 
présentant |’aimantation de la substance. Le dé- 
placement u est alors proportionnel a la variation 
d’induction mesurée B. Posons u = yB. Nous 
pouvons écrire l’équation (9) précédente sous une 
forme similaire : 


H(J,—J2)+R(yB)+ Wo + f(yB) « G(t) =0. 


(14) 


Cette équation traduit analytiquement un com- 
portement absolument identique a celui que 
mettent en évidence les diagrammes B(H, t). Nous 
avons rappelé précédemment comment elle rend 
compte des mesures de désaccommodation de 
Pinduction. Mais nous pouvons l’inter- 
préter d’une maniére plus fructueuse en essayant 
d’en déduire l’expression du champ fictif de trai- 
nage. A l’origine des temps, c’est-a-dire a la fin 
d’une désaimantation efficace, la courbe isochrone 


aussi 


f(yBo) vaut 


t = 0 satisfait a l’équation : 


H(Ji—J2)+ R(yB) =0. (15) 


Nous appliquons au temps ¢ un champ H(t) 
Ho+h(t) qui produit la méme variation d’induc- 
tion Bo que précédemment. Le champ fictif de 
trainage / obéit alors a une relation de la forme : 


h - (J,—J2) = —Wo: f(yBo)- G(t). (16) 


Cette expression analytique de h, grace a la sépara- 
tion des variables B et t, permet d’exploiter les 
diagrammes B(H, t). On en déduit tous les para- 
métres introduits par NEEL dans |’édification de la 
théorie. Par exemple, pour ¢ suffisamment grand, 
G(t) = 1; d’ot le champ total de trainage ho : 


Neo + (Jy —J2) = —Wo « f(yBo) (17) 


ho atteint sa valeur maximum (hoo)max quand 
1 ou —2, selon qu'il s’agit d’une 
paroi a 90° ou 180°. I] en résulte alors pour un 
champ H parallele a J; : 


(hoo)max Js = Wo. (18) 


Enfin, les fonctions f(yBy) et G(t) peuvent étre 
obtenues respectivement en effectuant les rapports 
heo|(heo) max &t hy/hoo. 

(ii) Cas d’un grand nombre de parois de BLOCH. 
Une substance polycristalline réelle comporte un 
grand nombre de parois de BLocu, les unes a 90°, 
les autres 4 180°, qui peuvent avoir toutes les 
orientations possibles. Ces parois séjournent a 
l’état désaimanté dans des positions d’énergie 
minimum. Quand on les déplace sous I’action d’un 
champ extérieur, elles sont rappelées vers leurs 
positions d’équilibre par des oppositions R(u) 
extrémement variables. Nous ne connaissons mal- 
heureusement rien de ces forces de rappel ni de 
leur dispersion. Seul, un comportement moyen 
des parois nous est accessible. Dans |’état actuel de 
nos connaissances il est alors impossible d’obtenir 
une expression rigoureuse du champ fictif de 
trainage. Pour simplifier le probleme, nous sup- 
poserons que chaque structure des domaines 
élémentaires est une fonction univoque de l’ai- 
mantation moyenne prise par la substance. Le dé- 
placement u d’une paroi quelconque n’est plus 
alors fonction de la durée de stabilisation ¢, pour 
une méme valeur de l’induction mesurée. Les 
couplages qui existent entre domaines élémentaires 
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proches voisins, lesquels nous empéchent de con- 
sidérer isolément les déplacements de chaque paroi 
de BLocH, pourraient justifier en partie cette 
hypothese qui rend compte, en outre, d’une 
mani¢re simple et tres satisfaisante du trainage 
magnétique de diffusion observe 

Considérons donc un ensemble de parois de 
BLOCH et B(t) Vinduction 
au temps ¢t. Les équations (14) a (17) 
restent applicables 4 chaque instant avec un co- 


appelons moyenne 


mesuree 


efficient y qui varie d’une paroi a l’autre. Nous 
obtenons la fonction de trainage G(t) comme pre- 
cédemment. Par contre, la fonction f(yBo) ex- 
périmentale ne représente qu'un comportement 
moyen de l’ensemble des parois et elle n’a plus la 
forme analytique prévue par NEEL. I] devient 
difficile dans ces conditions d’atteindre l’énergie de 
stabilisation W >. Au cours des prochains para- 
nous exploiterons dans cette voie, les 
dia- 


graphes, 


résultats expeérimentaux fournis par les 


grammes B(H, f) 


(h) Variation avec l’induction du champ total de 
trainage 

(i) Définition. Nous appelons champ total de 
trainage fh la valeur limite du champ de trainage 
obtenue au bout d’un temps de stabilisation tres 
grand. Dans les diagrammes B(H, t), ho est re- 
présenté par le champ qui sépare les isochrones 
t=—Oett © pour une méme valeur de |’induc- 
tion B prise par la substance. Nous avons dit pre- 
cédemment comment ces courbes isochrones sont 
obtenues. ‘Toute détermination de h nécessite 
donc deux extrapolations d’ou une incertitude sur 
la valeur trouvée, incertitude encore aggravée par 


une détermination relativement arbitraire de 
isochrone ¢ x 

Pour étudier h., aux différentes inductions, nous 
un champ de trainage voisin ho 


Ho .70 1 


au champ total de trainage en 


mesurons 


Hy000 , 


directement accessible. hg est 


proportionnel 
‘ 
t 


toutes circonstances d’aprés l’interprétation du 
paragraphe précédent. Nous obtenons pour un 
échantillon contenant 0,0046 pour-cent lde car- 
bone, 4 —33,8°C, et pour B voisin de 50 G 
ho = 44,5-10-3 Oe et ha 50,5-10-8 Oe. L’écart 
entre ces deux valeurs bien qu’assez faible n’est 
pas négligeable surtout si nous sous-estimons hg 
lui-méme. 


(ii) Détermination expérimentale de hg. Les dia- 
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grammes B(H, t) des Figs. 9 a 11 sont limités a des 
champs d’induction de 60 G, mais nous avons 
étendu le domaine de mesures de hp bien au-dela 
vers les hautes inductions. Sur un échantillon con- 
tenant 0,0075 pour-cent de carbone en particulier, 
6000 


G. Les derniéres déterminations sont d’ailleurs 


nous avons effectué des mesures jusqu’a B 


difficiles car la variation relative d’induction, con- 
stamment décroissante 4 mesure que B augmente, 
n’est plus alors que de l’ordre de 3 a 4 pour-cent. 
Pour éviter les erreurs d’étalonnage du circuit de 
mesures, nous opérons de la fagon suivante. 
L’échantillon soigneusement désaimanté reste au 
repos a une température égale a —33,5°C pendant 
1000 min. Nous appliquons ensuite le champ H et 
nous lisons déviation 5 du galvanomeéetre. 


Nous 


désaimantations 


une 


effectuons immédiatement une série de 


suivies a 15 sec de nouvelles 

mesures. Pour ces mesures, nous réglons le cou- 

rant dans l’enroulement primaire du tore jusqu’a 
obtenir la méme élongation 6 que précédemment. 

Nous calculons / a partir de la différence entre les 

deux courants d’excitation qui sont évalués, quant 

a eux, par une méthode potentiomeétrique et connus 

par consé€quent avec toute la précision souhaitable. 

Les erreurs sur fg ne sont dues pratiquement qu’a 

lirreproductibilité des états stabilisés. 

(i11) Résultats. Nous avons porté ci-contre (Fig. 
13a et 13b) les valeurs de Ao obtenues. Le champ 
fictif commence par croitre linéairement avec Bo, 
passe par un maximum trés aplati puis décroit vers 
une valeur non nulle pratiquement atteinte pour 
Bo = 2000 G. L’équation (17) permet effective- 
ment d’expliquer un tel comportement. 

§—Pour les faibles déplacements de parois f(u) 
étant proportionnel a u, f(yBo) et ho sont bien 
proportionnels a Bo (Fig. 13a). 

Pour les grands déplacements de parois, f’(u) 
est égal a l’unité tandis que f’’(u) est nul. Le 
champ de trainage observé, uniquement dt aux 
est effectivement constant pour 
des inductions supérieures a 2000 G (Fig. 13b). 


parois a 90, 


Aux inductions moyennes, comprises entre 10 

et 200 G, le champ de trainage passe par un 

maximum grace a la contribution des parois a 

180°. 

Nous avons confirmé cette interprétation en 
cherchant l’ordre de grandeur du déplacement des 
parois a 180° quand on observe une induction 
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Fic. 13. Variation du champ de trainage hy en fonction 
de B « 


0,0075 pour-cent, temperature: —33,5°C. 


(a) faibles inductions 

(b) inductions moyennes ou grandes. 
moyenne By = 600 G. Apres polissage électroly- 
tique d’un échantillon désaimanté, nous avons mis 
en évidence les domaines élémentaires par la 
méthode des figures de BITTER. Sur quelques 
cristaux convenablement orientés, nous avons ob- 
servé la structure en feuillets bien connue, | épais- 
seur é, de ces feuillets variant de 7 a 10 » environ. 
Avec une telle structure, deux parois voisines a 
180° se déplacent en sens contraire sous l’effet d’un 
champ appliqué. L’aimantation change de signe 
pour un déplacement de paroi égal a la largeur d’un 
e/2a +e/2. Quand I|’aimantation du 


son 


domaine, de 
cristal change de signe, compte tenu de 
orientation quelconque par rapport au champ de 
mesure, l’induction moyenne passe de —12000 Ga 
+ 12000 G soit une variation totale de 24 000 G. 
Une induction de 600 G doit donc correspondre a 
un déplacement e/40 environ d’une paroi a 180°, 
soit 2 000 A, en accord avec la théorie (Fig. 2). 


(iv) Application: Perméabilités comparées des 
parois a 180° et 90°. Le trainage magnétique de 
diffusion permet donc de différencier les parois 
selon leur nature. Quand l’induction moyenne de 
la substance dépasse 2000 G, la Fig. 13 montre 
que la contribution des parois 4 180° dans ho est 
nulle et celle des parois a 90° constante. Moyen- 
nant quelques hypothéses simplificatrices, nous 
pouvons en tirer le rapport des perméabilités re- 
spectives .”’ et yw’ des parois a 180° et 90°. 

Appelons h’ le champ de trainage moyen relatif 
aux seules parois a 90° (h”’, pour les parois 4 180°, 
étant nul). Aussit6t désaimantation, nous avons : 


Bo (u' +p’ )Ao. (19) 


Apres stabilisation, nous retrouvons la méme in- 
duction Bo en appliquant un champ Ho+/o. Dans 
ces conditions, les parois 4 90° sont soumises a un 


champ réel: Hp +ho—h’. D’ot 


Bo=(e' +2" )Ho=p' (Hotho—h’)+p''(Ho+ho)(20) 


il en résulte : 


’ 21 
pe ho ( 


Nous avons mesuré /g et nous pouvons calculer 
une valeur maximum de h’ en supposant, pour ces 
valeurs élevées de l’induction moyenne f’(u) 1 
pour toutes les parois. Pour chacune d’elles, nous 
obtenons donc la relation 


he F ] ;|\cosd,—cos do! Wo, (22) 


ou 4) et dodésignent les angles que font les aimanta- 
tions J; et Jo avec H. La valeur moyenne de 
pour toutes les parois dans un 


cos 41 —cos do 


polycristal vaut } d’ou 


2Wo 
Ie 


Malheureusement, nous ne connaissons pas Wp. Si 


h’ Z3) 
Cc 


nous nous obtenons 


Wo/Js (hoo) 


finalement d’aprés les mesures (Fig. 13b) » 
4.5. Sur un autre échantillon, contenant 10-° de 


posons —_ 

"I! 
carbone seulement, nous avons obtenu en partant 
des mémes hypothéses : p’’/.’ = 4,2. Il ne faut pas 
sous-estimer la fragilité de ce résultat qui dépend 
beaucoup trop de Wp pour qu’on puisse le con- 
sidérer autrement que comme une simple indica- 
tion. 
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(v) Forme de (19 —p1x)/ {10 en fonction du champ 
de mesure. Dans un travail remarquable deja 
ancien, WEBB et Forp®? ont introduit ce que nous 
appellerons la variation relative de perméabilité. 
Considérons un échantillon présentant du trainage 
de diffusion. Nous mesurons sa perméabilite mag- 
nétique dans un champ H, d’une part, aussitot la 
désaimantation (soit jo la valeur obtenue), d’autre 
part apres la stabilisation complete (soit jo cette 
seconde valeur). relative de per- 
méabilité est la quantité sans dimensions suivante : 
(440 —Hoo)/ 400, dont nous nous proposons |’étude en 
fonction du champ H appliqué. 

L’expérience montre que ce rapport croit a 
partir d’une valeur finie jusqu’a une valeur maxi- 
mum, puis décroit ensuite rapidement en tendant 
vers zéro. Un tel comportement s’explique claire- 
ment si nous nous reportons a un diagramme 
B(H, t) comme celui de la Fig. 9 par exemple. 

On y voit que po est constant quand le champ 
appliqué est inférieur a 40 mOe. La variation re- 
lative de perméabilité croit donc dans les champs 
faibles parce que po lui-méme est une fonction 


La variation 


croissante. Pour les champs supérieurs 4 60 mOe 
Bx est pratiquement constant et 
c’est-a-dire 


d’autre part, Bo 
(49 —po)/ poo décroit 
beaucoup plus rapidement que 1/H. 


comme 1/px 
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Le maximum de (49 —10)/j4o est obtenu pré- 
cisément au coude de la courbe isochrone t = 
La forme des diagrammes B(H, t) explique donc 
non seulement I’allure de (jp —j100)/ uo Mais encore 
la position de son maximum, indépendante de la 
température. Soit Hjy le champ pour lequel nous 
observons ce maximum. On peut s’attendre a 
trouver le produit oH y indépendant de la nature 
des atomes qui diffusent, et grossiérement constant 
pour des supports ferromagnétiques voisins. En 
effet, d’aprés l’interprétation précédente, le pro- 
duit polly est égal a l’induction qu’on observe au 
coude de la courbe isochrone B(H, t = ©0). Pour 
cette valeur de l’induction, on a un déplacement 
moyen donné des parois de BLOCH, en rapport avec 
leur propre épaisseur. SiS représente la surface des 
parois et u leur déplacement, po +» Hyg est pro- 
portionnel a ]sSu, ou Js et u sont imposés par la 
nature méme du corps ferromagnétique. polly 
varie donc comme S, c’est-a-dire assez peu, car la 
taille des domaines élémentaires reste du méme 
ordre de grandeur dans la plupart des substances 
polycristallines courantes de méme nature. Cette 
propriété du produit yoy, remarquée par WEBB 
et Forp dans leur mémoire, n’avait regu jusqu’a 
présent aucune explication. Pour d’autres valeurs 
de l’épaisseur des parois et de l’aimantation a 


Tableau 1 


Nature de la substance 


Auteurs 


(l’élément qui diffuse est 


Hollm (G) 


Hy (Oe) ph (G, Oe) 


inconnu) 


WEBB et Forp‘*) 


Fer électrolytique 


Fer suédois 


Toles de transformateur 


Fer—Si faible teneur 


” 


” 


Fer-Si (forte teneur en Si) 


’ 


Fer-Al 


Fer-Si 


’> ’> 
FERRO et MONTALENTI 
WeEsB et Forp‘® 


FERRO et MONTALENTI Fer-Ni 


Fer—Ni (50 pour-cent) 


°° 


— 
uns 


009 
0,018 
0,018 
0,06 
0,014 
0,013 
0,0125 


- 2) 


600 
2120 
3000 
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saturation Js, dans un alliage fer—-nickel par ex- 
emple, on trouve des valeurs de polly nettement 
différentes. Ce comportement est illustré par le 
tableau 1 oi nous avons rassemblé les résultats de 
Wess et Forp'®) d’une part, et de FERRO et 
MonraLentI) d’autre part. La dispersion des 
constantes de temps de trainage ne nous semble 
donc pas a prendre en considération pour expliquer 
Vallure de la variation de perméabilité (uo— 
— oo) / too dans les champs faibles. Enfin, si nous 
voulons mettre en évidence dans un champ donné 
un processus de désaccommodation difficilement 
observable, nous aurons intérét a réaliser des con- 
ditions de mesure telles que le produit pofl soit 
de l’ordre de 10 G dans le cas d’un support ferro- 
magnétique voisin du fer pur, et cela, indépendam- 
ment de l’impureté qui diffuse. 


(j) Variation de ho avec la concentration en carbone : 
determination de Wo 

Wo étant par définition proportionnel a la con- 
centration en carbone c de la solution solide, si on 
suppose dans tous les échantillons une méme ré- 
partition des forces de rappel des différentes parois 
de BLocu, le champ total de trainage ho doit étre 
proportionnel lui aussi a ¢ pour chaque valeur de 
B. Nous avons donc mesuré (ho),,,x pour différentes 
substances. Nos résultats consignés dans la Fig. 
14 montrent que cette proportionnalité est bien 
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Fic. 14. Variation du champ de trainage Ay en fonction 
de la concentration en carbone des échantillons (B 50 
G environ, température: —33,8°C). 














assurée a la précision des expériences pour des con- 
centrations inférieures a 0,013 pour-cent. Au dela 
de cette valeur, la limite de solubilité du carbone est 
atteinte dans les conditions de préparation des 
échantillons et, la concentration de la solution 


n’augmentant plus, (ho),,,, reste pratiquement 
stationnaire. Le carbone précipité n’intervient 
donc pas dans le trainage magnétique. Les varia- 
tions de résistance observées confirment la valeur 
trouvée pour la solubilité du carbone au voisinage 
de 700°C. 

Nous avons souligné précédemment |’impossi- 
bilité d’obtenir rigoureusement |’énergie de stabil- 
isation Wo a partir de la mesure de ha étant donné 
son caractére statistique. Pour une paroi telle que 
l’aimantation /; soit paralléle au champ de mesure, 
nous savons que : 


(Aco)max Js = Wo. 8) 


En présence d’un grand nombre de parois, nous 
devons compter avec des orientations de Jj et Je 
quelconques et des déplacements qui peuvent étre 
trés différents sous l’effet d’un méme champ ex- 
térieur. Or, il faut bien voir que ces deux facteurs 
jouent en sens opposés sur h. La diversité des 
orientations des parois de BLocH tend 4 faire 
croitre la valeur de (ho)m,x- La valeur limite 
2Wo/Js calculée précédemment ne se rapporte 
toutefois qu’au cas ou tous les déplacements des 
parois permettent de réaliser simultanément la 
condition f(u) = maximum. Cette condition n’est 
certainement pas remplie aux inductions moyennes 
de quelques dizaines de gauss. Les parois qui ont 
une orientation défavorable ou qui sont douées de 
forces de rappel assez élévées, se déplacent alors 
tres peu et, f(u) étant petit, leur contribution au 
champ total de trainage reste négligeable. Pour des 
inductions plus élevées, les parois a 180° les plus 
mobiles se déplacent suffsamment pour que 
f’’(u) s’annulant, elles ne soient plus soumises a 
aucune pression de trainage. Tout se passe donc 
comme si le champ total de trainage h» n’était da 
pour chaque induction, qu’a la contribution d’un 
nombre limité de parois de BLocu. Plus la dis- 
persion de leurs déplacements dans un champ ex- 
térieur donné est grande, plus le maximum du 
champ de trainage est aplati. 

En réalité, de ces deux facteurs qui provoquent 
l’étalement du maximum de ho, le premier au 
moins est commun 4a toutes les substances poly- 
cristallines; seul, le deuxieme peut varier d’une 
substance 4 l’autre. II est difficile de dire a priori 
lequel d’entre eux est prépondérant. 

Nous arrivons ainsi 4 la conclusion suivante : un 
certain champ total de trainage (Ao) ma, n’est pas 
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caractéristique d’une impureté dans un corps ferro- 
magnétique a une concentration donnée. I] dépend 
aussi, mais dans une mesure a déterminer, de 
l’étalement du spectre des forces de rappel des 
parois de BLOCH vers leurs positions d’équilibre. 
Dans l’hypothese la plus simple, nous retien- 
drons la formule (18) pour estimer l’ordre de 
grandeur de Wo. Avec 0,0046 pour-cent de carbone 
alors Wp = 88 


ergs/cm*; c’est la une énergie considérable pour le 


en solution, nous obtenons 
petit nombre des atomes de carbone mis en jeu : 
1,8-10!9 par cm?. D’ou il résulte une énergie de 
couplage w par atome de carbone 


V Wo « 3kT/c =0,71-10-5 erg — 0,44-10-3 eV. 


Cette valeur est remarquablement voisine de 
celle proposée par NEEL pour justifier sa théorie 
(0,6-10-erg.) 

(k) Etude de la fonction de trainage G(t) 
Nous 
minons Git 
mentale a partir d’un diagramme B(H, t). D’apreés 


(i) Détermination expérimentale. déter- 


une fonction de trainage expéri- 


l’interprétation pre cédente : 


G(t) =h(t)/he (24) 


h étant une fonction de Bo, nous pouvons procéder 


a une infinité de déterminations de G(t). La théorie 


I 
prévoit en principe des résultats identiques pour 


chaque valeur de Bo 
Nous avons remarque précédemment la néces- 


sité d’utiliser un spectre étalé de constantes de 


temps pour rendre compte des faits expérimentaux 
Nous cherchons donc la répartition logarithmique 
le mieux avec nos mesures, en 


qui s accorde 


pre miucre 


limites inférieure 


Appelons 6; Ho les 
Nous 


constante de te mps 


appr yxXimation 


] 


et superieure du spectre 


deninissons une 


moyenne 


ir de spectre 


nous obtenons 


D’apres la définition de G(t) 


kt : 
Ei| — rm ) — Zi} — : )): (25) 


1 
2logk 


Nous a\ 
fonctions G(t) pour différentes valeurs du para- 
metre A(k 5, 10). Nous utilisons en abscisses 


ms représenté sur la Fig. 15, plusieurs 











(Ano) 0) | 


LG 








un temps réduit 2/89. ‘Toutes ces courbes possedent 
pratiquement en commun le point 


0,575 


(G(t) 


\t/A9 — 0,85 


quelle que soit la valeur du parametre k. 

Pour déterminer 6) et k qui caractérisent le 
mieux une fonction G(t) expérimentale, nous pro- 
cédons donc de la facgon suivante. Soit to le temps 
pour lequel G(to) 0,575 


A to/0,85. 


0 
Nous obtenons ensuite une évaluation grossiére du 
paraméctre k en reportant sur la Fig. 15 les valeurs 
expérimentales de G(t). 

(ii) Résultats. Pour la solution solide qui a fait 
l’objet des diagrammes B(H, t) précédents (Figs. 
9-11), nous obtenons les valeurs suivantes de la 


constante de temps moyenne 4 
Tableau 2 


@, (min) 
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Nous avons porté sur la Fig. 15 les valeurs ex- 
périmentales de G(t) déterminées a —27,3°C pour 
différentes valeurs de B. Une largeur du spectre 
2 = 25 est en bon accord avec ces points, mais 
pour les 3/4 de l’évolution totale seulement. Dans 
les temps longs, |’évolution de G(t) est trés lente. 
Cet effet souligne la présence de grandes con- 
stantes de temps, plus nombreuses qu’il n’est prévu 
par une répartition logarithmique. 
(iii) Etude des constantes de temps moyennes Oo. 
Les valeurs de 4 proposées précédemment peuvent 


difficilement étre considérées comme caractér- 


istiques du trainage de diffusion du carbone dans le 
fer, étant donné leur extréme sensibilité 4 la tem- 
perature. Nous avons observe en outre des varia- 


tions inexpliquées entre deux échantillons qui 
peuvent atteindre 10 a 15 pour-cent. Une telle 
incertitude reste d’ailleurs négligeable devant la 
variation systématique de 6 avec les déplacements 
moyens des parois d’une part, et d’autre part, 
devant |’étendue du spectre des constantes de 
temps. 

L’expeérience montre que 49 croit avec Bo et tend 
vers une limite pratiquement atteinte pour 
Bo 20 G. Aucune variation ultérieure n’a pu 
étre décelée, méme en poussant les mesures dans 
un cas jusqu’a une induction By = 355 G. Quelle 
que soit la concentration de la solution solide, la 
variation de 49(Bo) garde la méme allure. 

Pour interpréter ces constations, il faut intro- 
duire une relation entre les constantes de temps de 
diffusion du carbone @ et la nature des éléments 
de volume balayés par les parois de BLocH pen- 
dant leurs déplacements. On peut penser par ex- 
emple que la paroi se trouve a l'état désaimanteé au 
moins partiellement dans une région perturbée du 
cristal. Quand on applique le champ de mesure, la 
paroi s’écarte de la zone perturbée et gagne une 
région de ((bon cristal)) ou la diffusion est plus 
lente, les barrieres de potentiel entre les sites 
voisins étant plus hautes. ‘Toutes les parois 
quittent pratiquement la zone perturbée des qu’on 
dinduction de 20G. 
que 


enregistre une variation 
Comme d’autre part, 


toutes les parois se déplacent d’au moins leur propre 


nous avons montré 
épaisseur quand on enregistre une variation d’in- 
duction de 2 000 G, la zone de ((mauvais cristal)) 
s’étendrait au maximum a 1/100 d’épaisseur de 
paroi de part et d’autre du plan central de celle-ci, 
soit 6 a 7 distances interatomiques environ. Nous 
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obtenons ainsi |’étendue maximum du défaut de 
réseau qui fixerait la paroi a l'état désaimanteé. 

(iv) Etude de la dispersion des constantes de temps. 
Une répartition logarithmique des constantes de 
temps ne rend compte que tres imparfaitement de 
la diffusion observée puisque les points expéri- 
mentaux s’écartent notablement de la courbe 
théorique dés que ¢/@ devient plus grand que 2. 
En d’autres termes, si les 3/4 environ de la crois- 
sance du champ fictif sont assez bien représentés 
au moyen d’une répartition logarithmique de dis- 
persion 62/6; voisine de 25, il existe en outre des 
constantes de temps notablement plus grandes que 
prévu et nous avons cherché a déterminer directe- 
ment les limites du spectre. Nous considérons pour 
cela la fonction [1—G(t)] comme équivalente a la 
superposition de m fonctions simples de la forme : 
exp(—t/@) ot 6 varie d’une facon discontinue. La 
pente, en un point d’abscisse fo’ de la courbe re- 
présentative de la fonction log[1—G(t)] en fonc- 
tion de ¢ est alors égale, au signe pres, a l’inverse de 
la constante de temps dont l’effet prédomine au 
temps to’ considéré. Nous avons appliqué cette 
méthode a la recherche des valeurs 6,,,, et Onin. 
qui prédominent respectivement pour Bo 28 G 
quand G(to’) = 0,9 et pour Bo = 3,5G quand 
G(to’) = 0,1. Nous obtenu 


suivants : 


avons les résultats 


Températures 
8 min. (M1n) 
@ max. (Min) 


a 


3390 


normal de trouver @,,;, notablement 


car la répartition logarithmique 


Il est 
supérieur a 69/5 
parait constituer une assez bonne approximation en 
début d’évolution et G(tp’) 0,1 ne représente 
précisément pas ce début. Par contre la valeur de 
en 
attendre. 

Nous avons vérifié en outre que chacune des 


est trés supérieure a5 6) comme il fallait s’y 


constantes de temps proposées précédemment 


varie avec la température selon une loi de la forme : 


6 =C exp(Wa/kT) =C exp(Q/RT). (1) 


Les différentes énergies d’activation W, représen- 
tent autant de hauteurs des barriéres de potentiel 
entre deux sites voisins. 

Les énergies nécessaires pour passer d’un site a 
un autre site voisin sont donc considérables par 
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Tableau 3 


jee 


=3,5G) | 0(B, = 56 G) 





Température d’activation Wq/k(0°K) 


9.460 12.200 


8.650 








Energies d’activation Q (cal/mole) 


Energies Wa (eV) 


rapport a l’énergie de couplage w introduite par 
NEEL. Nous rappelons que nous avons obtenu w de 
lordre de 0,001 eV. 

Si nous confrontons ces résultats avec ceux 
publices antérieurement sur cette question, nous 
trouvons un excellent accord. La o SNOEK trouve 
une température d’activation de 8-700°K®) nous 
avons obtenu 8.650°K. Le trainage mécanique 
étudié par le méme auteur") conduit a une tem- 
pérature d’activation de 9.200°K qu’il faut rap- 
procher de notre propre résultat pour les grands 
déplacements de parois: 9.460°K. Le trainage 
mécanique intéresse en effet, tout le cristal simul- 
tanément et non pas seulement des régions plus ou 
moins perturbées autour des positions de repos des 
parois de BLocu. Enfin, RicHTer") a obtenu une 
énergie d’activation egale a 10 200°K en utilisant 
uniquement la fin du processus d’évolution du 
trainage a chaque température. Son _ résultat 
s’inscrit en bonne place a l’intérieur des limites 
auxquelles nous avons été conduits. 
avons mis en évidence un 


En résumé, nous 


spectre de constantes de temps trés étalé en 
operant sur un fer particulier. Dans ces conditions, 
la dispersion des résultats fournis antérieurement 
par les différents auteurs nous semble avoir une 
origine physique et non pas accidentelle. D’apreés 
ces experiences, on ne peut pas parler de constantes 
de temps ou d’énergies d’activation moyennes pour 
la diffusion d’un hétéroatome sans préciser de 


quelle manicre elle sont obtenues. 


6. COMPORTEMENT DES SOLUTIONS SOLIDES 
DE CARBONE DANS UN CHAMP SINUSOIDAL 


Au cours du paragraphe précédent, nous avons 
vu qu’on pouvait rendre compte du trainage en 
imaginant la présence d’une seule paroi de BLocu 
de nature non précisée et soumise a un champ de 
trainage h représenté sur les Figs. 13a et 13b. Nous 
rappelons que ce champ de trainage croit linéaire- 


17.200 24.300 


0,745 


ment avec B jusqu’a des inductions de |’ordre de 
7a8G. A partir de 15 a 20 G et jusqu’a 200 ou 
300 G, h garde une valeur pratiquement constante. 
Il s’agit la précisément de deux cas particuliers 
développés par NEEL dans sa théorie et appelés par 
lui cas des déplacements de paroi de petite ampli- 
tude et cas des déplacements de grande amplitude. 
Nous pouvons donc confronter sur deux points la 
théorie et l’expérience, d’une part dans les champs 
faibles en limitant l’induction dans notre échan- 
tillon a une valeur de l’ordre de 7 G, d’autre part, 
dans les champs forts pour des inductions maxima 
de l’ordre de 200 a 300 G. Nous appliquerons dans 
ce dernier cas a l’ensemble des parois de BLocH les 
formules établies par NEEL pour les seules parois a 
90°. 


(a) Trainage dans les champs faibles 

Soit un échantillon de fer contenant en solution 
solide des traces de carbone, maintenu en per- 
manence a une température inférieure a l’ambiante 
pour éviter toute précipitation de la solution méta- 
stable. A —20°C les constantes de temps de 
trainage 8 sont au moins de |’ordre de la minute. 
Nous désaimantons cette temps 
t = 0, et nous lui appliquons au temps f; un champ 


substance au 


alternatif sinusoidal de la forme 
H = Hy cos(wt+¢). (27) 


Pour que l’effet des courants induits soit néglige- 
able, nous utilisons une fréquence aussi basse que 
possible, la limite inférieure imposée par le géné- 
rateur et les circuits de mesure étant de l’ordre de 
20 Hz. Dans ces conditions, nous trouvons 6 de 
l’ordre de 10*4 et l’étude du trainage aux faibles 
amplitudes perd tout intérét. 

En effet, ’expérience montre que les déplace- 
ments des parois de BLocH sont alors réversibles, 
d’ou 
- 7G. 


B= By» cos(wt+¢) avec Bm (28) 
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Nous ne pouvons obtenir la pression de trainage 

que par une méthode d’approximations succes- 

sives. Le terme d’ordre 0 a été calculé par NEEL. 
Appliquons directement son résultat avec w8 >1: 


2Wouo t 
P(uo, t) = — | —exp| o “)| cos(wt+¢) 
3d 6 
(29) 
ou dest une distance égale 4 160 A dans le fer. La 
premicre approximation de la pression de trainage 
étant en phase avec B, la n‘*™¢ l’est également. Le 
champ alternatif de trainage provoque dans ce cas 
particulier une variation monotone de perméabilité 
indépendante de f;, sans introduire aucun dé- 
phasage sensible de l’induction sur le champ ap- 
pliqué. Il ne permettrait pas, par conséquent, 
d’expliquer des pertes résiduelles du type de celles 
mises en évidence par JORDAN. 


(b) Trainage-dans-les champs forts 

Examinons dans les champs forts le comporte- 
ment de la paroi de BLocH fictive que nous avons 
introduite précédemment. Appelons uo sa position 
d’équilibre aussit6t désaimantation, position re- 
pérée par celle de son plan médian par exemple. 
Pour déplacer cette paroi, il faut vaincre une 
pression d’opposition R(u) qui, pour de faibles dé- 
placements, fluctue également, en premiére ap- 
proximation, de part et d’autre d’une valeur 
moyenne nulle. A l’image d’un schéma utilisé par 
Luipoutry®) pour rendre compte de l’inter- 
prétation par NEEL des lois de RAYLEIGH, nous la 
représentons par une ligne brisée, dessinée en 
pointillé sur la Fig. 16a, l’axe u étant vertical et 
l’axe R horizontal. Supposons maintenant la paroi 
immobile dans la position up pendant un temps fy 
tres grand devant les constantes de temps de diffu- 
sion. La paroi se stabilise dans la position uo et la 
pression de trainage P(u, t;) vient s’ajouter a 
Popposition R(u) (équation (8)). Nous nous pro- 
posons de rendre compte de cet état stabilisé en in- 
troduisant une nouvelle opposition R’ de forme 
convenable. R’, dessiné en traits discontinus, 
contient donc la pression de trainage P(u, 11). 

D’apres certains résultats antérieurs, nous savons 
que pour u compris entre up et une certaine valeur 
u; pour laquelle nous mesurons une induction 
moyenne B de l’ordre de 10 G, l’écart entre R et R’ 
est proportionnel 4 u—wup. Quand u est supérieur 
a wu, l’écart entre R et R’ est constant et égal a 


Wo = ha] s. Cette partie de la nouvelle fonction 
d’opposition R’ résulte donc d’une translation 
pure et simple de la partie de R correspondante. 





Fic. 16. Interprétation des cycles d’hystérésis 
((étranglés)). 


Appliquons a cet échantillon stabilisé un champ ex- 
térieur H = H,, cos(wt+¢), la paroi se déplace 
jusqu’a obtenir un équilibre entre la pression 
H]sdu champ extérieur et l’opposition R’(u); 
l’équilibre étant stable si dR’/du > 0. Le point re- 
présentatif du mouvement de la paroi u(H) n’a 
donc acces qu’a certaines parties de la courbe 
R’(u). 

Pour H,,, < ha la pression du champ extérieur 
reste toujours inférieure a Wo, et le déplacement 
de la paroi plus petit que #4. L’expérience conduit 
alors 4 une perméabilité magnétique constante 
(Figs. 9-11). L’aimantation prise par la substance 
est exclusivement reversible. Nous en avons tenu 
compte pour le tracé de la portion correspondante 
de la courbe R’. En aucun de ses points, elle ne 
comporte une pente dR’/du négative. 

Pour H,,, > haw, le déplacement de la paroi est 
supérieur 4 uw, et compte un certain nombre de 
sauts de BARKHAUSEN. Sur une alternance positive 
du champ, le point représentatif du mouvement de 
la paroi décrit une portion de cycle, tel que 
UpCDECUp, indiquée en trait gras. 
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Un déplacement u de la paroi entrainant une 
aimantation B proportionnelle a u, le cycle en 
question représente en réalité une moitié de cycle 
d’hystérésis élémentaire, ramenée a des échelles 
convenables. Ainsi, le cycle d’hystérésis a 1’état 
stabilisé, doit nous apparaitre, comme formé de 
deux boucles décalées lune par rapport a |’autre 
dans la direction du champ (Fig. 16b) 

Nous avons effectivement rencontré systéma- 
tiquement cet aspect (Fig. 17) signalé en premier 
lieu par FELDTKELLER“*) et nous dirons que nous 


avons obtenu des cycles d’hystérésis (étrangleés ) 


steresis \etrangies 


N 


positif expérimental, Nous avons pris toutes pré- 


pour définir avec précision nos conditions ex- 
les. ‘Tous nos essais sont effectués a une tem- 
—21,3°¢ Nous 


a travers un filtre 


alimentons |’enroulement 
sélectif LA 


ar un générateur basse fréquence stabilisé du type RC 


re du tore sans fer, 


nous fournit un courant sinusoidal avec 


rateur 
on trés inférieure 4 1 pour cent dans les con- 
I] ne 


yns la tension aux bornes de 


lisation nécessite donc aucune correc- 


l’enroule- 
daire du tore a l’aide d’un circuit RC classique 
iz , la fréquence du 
28 Hz. 


a l’entrée d’un ex- 


le temps égale a 
t généralement 
integree est connecte¢ 
lographe dont les amplificateurs n’introdui- 
ge sensible dans les 


aepnasa conditions d’ex- 


t possédent une bande passante trés supérieure 


) lt, 
Re sultats 


nous suivons l’évolution du 


Le champ H étant appliqué au 


cycle 


| 


resis au cCour;°s iu 


ailleurs Nous 
1 


les cycles étranglés de la Fig 


s valeurs de l’amplitude H 


temps, toutes choses 


obtenons a différentes 
17 pour 
du champ 
Une évolution tres nette se manifeste au 
laquelle l’étranglement initial disparait 
mais le cycle obtenu pour fg tres 
ne s’1( 

nanté. Dans les limites ot les courants 

induits restent négligeables, nous n’avons trouvé 
1 notable de la fréquence de 

la forme ou sur |’évolution du cycle 


téressant de constater les dispositions 


fférents cycles d’hystérésis relatifs 
ial 


H, étant variable. Nous avons 
sé Fig. 18 sur la méme photographie dans 
application du champ, 
a des amplitudes H7,, res- 


es 
85, 93, 101, 106 et 112 
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mOe, apres une stabilisation ¢; = 30 min. Malgré 
une dérive des amplificateurs de l’oscillographe qui 
a déplacé légerement les cycles les uns par rapport 
aux autres, il apparait sur cet ensemble que les 
parties OD et OD’ (Fig. 16b) sont approximative- 
ment communes 4 tous les cycles quelle que soit la 
valeur de H,,,. Nous expliquons ceci trés simple- 
ment dans notre schéma d’interprétation (Fig. 
16a). Le chemin UpCD est commun 4 tous les 
déplacements, puisque les petits déplacements 
autour de Up sont uniquement reversibles, tandis 
que les chemins EC et E’C’ dépendent beaucoup de 
_ 

La Fig. 19 résulte d’un montage réalisé a partir 
de la photographie précédente. Nous avons coupé 
la Fig. 18 suivant l’axe des abscisses et nous avons 
décalé les deux moitiés l'une par rapport a l’autre 
de 48 mOe environ. Ce décalage rétablit pour les 
différents cycles une disposition plus habituelle. 
Les phénomeénes qu’on vient d’exposer peuvent 
donc étre facilement interprétés en premicre ap- 
proximation en supposant la présence d’un champ 
de trainage d5h(t;) opposé au champ appliqué et 
représenté par une fonction en créneaux de méme 
30 min, ce champ dA(t) 
24 mOe 3 
chaque alternance. Nous nous garderons bien 


période que H. Pour fy 


conserve une valeur constante dh 


d’assimiler d5ho(t;) et h(t;). Les mesures au galvano- 
métre balistique indiquent par exemple pour 
t; = 30 min un champ de trainage h(t;) = 43 
mOe 

La valeur 6h 24 


représente d’ailleurs qu'un 


mOe mise en évidence 
précedemment ne 
décalage moyen pour les différents cycles de la 
Fig. 18. La Fig 
décroit quand H 
En effet, comme la fonction d’opposition R(u) 


16 a permet de prévoir que 6h 
augmente, ¢; restant constant. 


fluctue également de part et d’autre de la valeur 
0, R’(u), pour u > uy, fluctue également de part et 
d’autre de Wo, et, les déplacements de parois pour 
u > wu, étant principalement des déplacements 
irréversibles, la boucle du cycle se referne au point 
C pour un champ Hp tel que statistiquement 

ho—Heot H hz 
tenant 0,0046 pour cent de carbone avec ha # 51 
mOe et H 102 trouver 
Ho U L’expérience véerifie effectivement cette 
conclusion. Pour H 103 17) les 


points C et C’ (Fig. 16b) sont confondus. 


Ainsi pour une solution con- 


mQOe, nous devons 
mOe (Fig. 


Il ne semble pas possible dans ces conditions 








ty —t, —1 min 








10 min 


20 min 








ty —t, = 50 min 


Hm = 82 mOe. H,, — 90 mOe. H,,, = 103 mOe H,, = 137 mOe 


Fic. 17. Cycles d’hystérésis, aprés stabilisation, d’un échantillon de fer contenant des traces de 


carbone en solution. Température : —21,3°C, c = 0,0046 pour-cent, t, = 10° min 
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d’obtenir 5h = ha» sauf pour H,,, = ho, mais un tel 
cas particulier ne présente aucun intérét car la 
théorie développée par NEEL ne peut pas s’y ap- 
pliquer, les déplacements de parois étant alors trop 
petits. Dans ces conditions, les phénomenes 
d’hystérésis excluent au départ toute interprétation 
quantitative des expériences, dans le but d’arriver 
jusqu’a l’énergie de stabilisation Wo. 

Enfin, nous voulons souligner la parenté qui lie 
ces cycles étranglés aux cycles d’hystérésis des 
alliages du type Perminvar et de certains ferrites 
contenant de l’oxyde de cobalt" refroidis lente- 
ment au-dessous du point de Curie. NEEL explique 
les propriétés des Perminvar en supposant un 
couplage entre la position des atomes de substitu- 
tion du réseau et la direction de l’aimantation 
spontanée. I] s’agit donc du méme mécanisme 
fondamental a l’échelle atomique que pour le 
trainage de diffusion. Seuls different l’ordre de 
grandeur des constantes de temps de diffusion 
d’une part, et les énergies mises en jeu d’autre part. 
Les difficultés qu’on rencontre pour obtenir 
l’énergie de stabilisation a partir du seul tracé du 
cycle d’hystérésis sont alors d’autant plus re- 
grettables qu’une telle détermination présente 
certainement un grand intérét technique. 


(d) Etude des harmoniques de l’induction 

(i) Pression de trainage alternative. Les cycles 
d’hystérésis étranglés que nous avons rencontrés 
précédemment montrent que |’induction magné- 
tique dans ces échantillons est une fonction tres 
complexe du temps. Nous avons rendu compte de 
l’état stabilisé en introduisant un champ de 
trainage dh(t) représenté par une fonction en 
créneaux d’amplitude +649. En toute rigueur 
d5h(t) reste constamment inférieur a H en module, 
et sa dérivée premiere ne subit aucune discon- 
tinuité quand B s’annule. Cette premiere approxi- 
mation permet toutefois de prévoir |’évolution des 
phénomeénes. On peut rapprocher en effet dh(t) du 
champ de trainage qui s’exerce sur une paroi de 
BLocu a 90°, animée d’un mouvement sinusoidal 
de grande amplitude; et nous appliquerons directe- 
ment le résultat obtenu par N&EL dans ce dernier 
cas. Compte tenu de la condition w@ > 1, il vient : 


4 
dh(t) _ “Bh l (t—-t,)/0 — e-t 7) x 
7 
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rai = Rl 
X (cos wt — } cos 3wt++4 cos5wt —... 


)+ 
2 
4+—(1—et-t,)/0) x 


“i 


| 


X (cos wt+ +4 cos 3wt+ si cos 5wt+ ah 


(30) 


En présence de nombreuses constantes de temps 
de trainage, nous avons posé par définition 
x 


| (1—e-*/9)p(0) do 


0 


G(t) 


4 
d’ou : d5A(t) = — Sho} [G(0)—G(t—4)1x 


7 


)+ 


X (cos wt—} cos 3wt+ cos 5wt—... 


" 
+-—G(t—t))(cos wt++ cos 3wt+ 


us 


+; cos5wt+...)). (32) 


Ce résultat qui suppose un grand nombre d’ap- 
proximations, ne parait pas des plus faciles a ex- 
ploiter. Comme l’a montré NEEL,“ le terme fonda- 
mental rend compte qualitativement des résultats 
de mesures de WEBB et Forp.'8) Nous confirmons 
cette interprétation. Pour ¢; suffisamment grand, la 
perméabilité apparente ~ augmente d’une facon 
monotone conformément a l’équation (32). Mais 
l’effet de la composante fondamentale du champ de 
trainage h(t) est alors difficile 4 séparer de l’effet 
du champ extérieur applique. Nous pouvons 
espérer par contre une mise en évidence 1 
directe des différents harmoniques 3, 5, 7, . 
L’harmonique 3 retiendra tout spécialement notre 
attention. 

(11) Dispositif expérimental. Nous partons du 
montage utilisé pour le tracé du cycle d’hystérésis. 
Le circuit intégrateur étant supprimé, nous con- 
nectons directement les deux extrémités de |’en- 
roulement secondaire a l’entrée de l’amplificateur 
Y de Voscillographe. Nous utilisons donc notre 
tore comme un transformateur en circuit ouvert 
alimenté au primaire par un courant sinusoidal 
pur. Avec un balayage linéaire, nous relevons a 
loscillographe V’allure de la tension V(t) aux 
bornes du secondaire. V(t) est une fonction 
périodique décomposable en série de FOURIER. 
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sin 3wt+ Bs, cos 3wt+ 


cos wit... 


V(t) A, sinwt+As 


sin 5wi+ Bs 


+As5 


Les différents coefficients An,, et Bn, sont des 
fonctions lentement variables du temps et nous 
choisissons l’origine des temps de facon a annuler 
le coefficient B,, du développement précédent. 
L’amplitude du fondamental se réduit donc a A,,. 
Nous appellerons V3,,, V5,, etc. les amplitudes des 
harmoniques d’ordre 3, 5 etc 

Pour étudier les différents termes A,,,, et B,,,,, 
nous photographions les courbes V(t) sur |’écran 
de l’oscillographe et nous les analysons ensuite par 
les méthodes classiques de calcul numérique. Nous 
pouvons aussi obtenir directement a l’aide d’un 
voltmétre électronique trés sélectif les différentes 
V,,,.. indépendamment les unes des 
10 Hz de la fré- 
quence de mesure est atténuée de 30 dbs et a +30 
Hz de 60 dbs) 

Les méthodes d’analyse graphique proposées ne 


composantes 


autres (toute perturbation a 


sont valables qu’en présence de composantes V,,, 
fonda- 


sulmsamment 
mental. Cette condition est précisément remplie. 
Pour 


V;, V (n2 


7 


importantes vis-a-vis du 
t}, expression approchée (32) conduit a 
pour tous les harmoniques. En 
pratique, les premiers termes de la suite V,,, V3 

Vs décroissent comme 1/n, et nous obtenons 
les différents termes A3,, et B3,, avec une précision 


i , ne 
suinsante de quelques centiemes 
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(iii) Résultats des mesures. Soit une solution solide 
de carbone a la concentration 0,0046 pour-cent 
désaimantée a l’origine des temps et abandonnée au 
21,3°C), pendant 


repos, a température constante (—21, 


Par analyses des 


oscillogrammes 
Par mesures 


directes 


L ale . L. . Lo) 
20 30 4 90 60 70 80 90 100 


, au cours du temps. 
1080 min, c 0,0046 
141 mOe. 


20. Variation de Vz, 
—21.3°C, t; 
pour-cent Hm 


Fic. 


Température: 


un temps tres long vis-a-vis des constantes de 
temps de trainage. Au temps ¢ 1080 min, nous 
lui appliquons un champ sinusoidal de fréquence 
28 Hz, et d’amplitude constante H,,, = 141 mOe. 
Nous avons représenté sur la Fig. 20 la composante 
V3, de la tension induite aux bornes de |’enroule- 
ment secondaire du tore en fonction du temps 
t—t, écoulé depuis l’application du champ. 

V3,, commence par décroitre tres rapidement, 


Fic. 21. Comportement de la substance dans un champ alternatif: méthode des approximations successives.- 


» X 
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passe par un minimum et tend ensuite vers une 
limite par valeurs croissantes. Son amplitude est 
considérable par rapport au fondamental V. (Pour 
t= t, V3, = 83 mV et A, = 240 mV). FELDT- 
KELLER"2) a déja signalé un comportement analogue 
concernant un fer-siliclum du commerce sans 
fournir a notre avis une interprétation satisfaisante. 

La force électro-motrice d’induction relevée aux 
bornes de l’enroulement secondaire est donc tres 
différente d’une sinusoide comme en témoignent 
les oscillogrammes reproduits sur la Fig. 22. Leur 
allure varie au cours du temps d’application du 
champ t—t;. Au temps ¢ = , la méthode d’ap- 
proximations successives proposée par NEEL per- 
met de prévoir remarquablement la forme de V(t) 
observée (Fig. 21). 

Pour pousser plus avant la confrontation entre la 
théorie et l’expérience, nous avons calculé les com- 
posantes Az,, et B3,, de ’harmonique V3,, et nous 
proposons d’expliquer leur évolution a partir de 
l’équation (32) précédente. Dans un plan defini a 
partir de deux axes rectangulaires, le point de co- 
ordonnées Az,, et Bz,, représente |’extrémitée d’un 
vecteur V3,,. A mesure que la durée d’application 
du champ croit depuis t—t; = 0 jusqu’a t—t) = ©, 
le vecteur V3,, pivote autour de l’origine d’un angle 
un peu inférieur 4 180°, son extrémité libre dé- 
crivant une portion de courbe. Dans les conditions 
d’expérience décrites précédemment, nous obte- 
nons un segment de droite (Fig. 23). Le minimum 





60 ; 
Pour chaque point +f es 
indiqué en mn| 














20 40 
A3,,, MV 
Fic. 23. Variation au cours du temps des composantes 
Asg,, et B3,, (analyse de la figure 20). 

de V3,, est observé dans ces conditions a |’instant 
t—t, ot le vecteur V3,, est orthogonal a cette 
droite. 

(iv) Interprétation. Soit B(t) induction mag- 
nétique moyenne a chaque instant obtenue en 
évaluant le flux d’induction dans l’enroulement 


+ 


secondaire. B(t) comporte un grand nombre 
d’harmoniques Bs, Bs etc. Chacun de ces har- 
moniques, dont en particulier B3, résulte de la 
composition en phase et en amplitude de deux 
termes d’origines différentes : l’un B3’ est di au 
trainage de diffusion proprement dit, l’autre B3”’, a 
’hystérésis. Nous allons considérer B3’ et Bs’’ 
séparement. 

La composante B’3 résulte en premi¢re approxi- 
mation de l’application a la substance du champ 
fictif de trainage, c’est-a-dire d’aprés |’équation 
4 ' 2 ? 
= Sha] GU) (+. Jou-n)| cos 3wt 
S7T \ OT : 

(34) 


dh3 w(t) 


d’ot l’expression de B’s : 


4 2 
B3’ = Sha] G()— (1+: Jour] x 
OTT OT 


(35) 


Les cycles d’hystérésis de la Fig. 17 permettent 
d’évaluer d5hp. On trouve approximativement 
dho = 25 mOe, et on en déduit p voisin de 3 000 
G/Oe. Le retard de phase ¢’, doit étre attribué en 
tout premier lieu a l’effet des courants induits, 
Avec f3,, = 84 Hz, p = 104uem, pour une épais- 
seur de l’anneau e = 3-10-2 les formules 
classiques™) conduisent a tg ¢’ 4 0,24. Cette 
composante B3’ s’annule pour G(t) = 1,21 G(¢t 

ti), soit pour t—t; # 3,68) = 23 min. L’har- 
monique Bg se réduit alors a sa seule composante 
B3'’ que nous allons évaluer. Avec d5h9 = 25 mOe, 
le champ réellement appliqué a la substance 
H-+ 6h conserve toujours une amplitude voisine de 
120 mOe. Pour H < 120 mOe, nous obtiendrons 
une idée valable du comportement de la substance 
en écrivant qu’elle obéit aux lois de RayLeicu. Il 


(36) 


Nous avons trouvé expérimentalement : 9 = 1900 
G/Oe et « 15 000 G/Oe?. Nous appliquons alors 
le champ réel: H = Ho cos(wt+¢) avec Ho 120 
mOe. B(t) ne comportant aucune composante en 
sin af, il vient :6) 


xX cos(3wt—¢’). 


cm, 


en résulte : 


p= potaH. 


ted = 0,21 


4a 
et: B3”’ = — — sin 3(wt+¢). 


S17 
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On voit que B3"’ est constant dans la mesure ot 
Ho lest aussi et sa contribution dans le développe- 
ment (33) conduit a des composantes Az,, et B3,, 
respectivement négative et positive. 

En résumé, nous pensons que le vecteur V3,, est 
la somme de deux vecteurs. L’un est da a l’hys- 
térésis. I] est constant en premiere approximation 
pour /7,,, et t; donnés, et fait avec l’axe B3,, un angle 
voisin de +34. L’autre vecteur fait avec l|’axe des 
abscisses un angle ¢’ et son module est pro- 
(1+2/37)G(t—t). 


tel schéma rend compte d’une facon satis- 


portionnel a: G(t) 

Un 
faisante des résultats expérimentaux de la Fig. 23. 

(v) Position du minimum de V3,,. Nous observons 
le minimum de V3,, non pas a l’instant ¢ ot la com- 
posante o/z,, s'annule, mais a une époque t—t 
différente, fonction de la durée ¢, de la stabilisation. 

Quand f; diminue, le point No se rapproche du 
point M et le minimum a lieu pour une durée 
t—t, plus petite. Par exemple, pour ¢; = 155 min, 
toutes choses égales d’ailleurs nous avons trouvé 
le minimum de V3,, pour t—t; 6,5 min environ. 
A l’aide des résultats de mesures de désaccommo- 
dation on peut prévoir le position de ce minimum 
pour t—ty 7,1 min. L’accord avec l’expérience 
est donc réalisé 4 10 pour-cent. Pour des stabilisa- 
tions plus incompletes encore, le minimum a lieu 
pour ¢—1; tres petit. V3,, évolue alors rapidement 
dans les temps courts et la détermination du mini- 
mum devient plus difficile. Les valeurs de ces 
minima décroissent d’ailleurs quand la durée de la 
stabilisation ¢; augmente, ce qui s’explique aisé- 
ment. En effet, le champ effectif n’est pas le méme 
dans les différents cas, car H,, —dh décroit 4 mesure 
que ¢; croit. La composante OM du a l’hystérésis 
est donc une fonction décroissante de ¢; pour un 
champ extérieur d’amplitude H,,, donnée. 

Un résultat digne d’intérét obtenu au cours de 
ces expériences réside dans la certitude que la 
stabilisation du matériau est encore incomplete au 
21,3°C. Apres une stabilisa- 


nous 


bout de 1 000 min a 

tion ¢; = 8.100 min 
mémes conditions que précédemment (Fig. 20) 
un minimum de V3, de 13,9 mV seulement, situé 
60 min. Ce résultat, en confirmant 


observons dans les 


pour ¢—ty 
les mesures au galvanometre balistique, souligne le 
caractere arbitraire de notre détermination de la 
courbe isochrone f co dans un diagramme 


B(H, t). 
(vi) Influence de l’amplitude du champ appliqué. 
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4 


Nous avons reproduit l’étude de l’harmonique 3 
décrite précédemment sur un échantillon con- 
tenant 0,027 pour-cent de carbone. La pression de 
trainage était alors maximum, voisine de 120 mOe 
et la perméabilité magnétique anormalement basse. 
L’étude décrite précédemment a donc été conduite 
dans des champs assez élevés (de l’ordre de 300 
mOe) pour obtenir des inductions d’un bon ordre 
de grandeur. Sur la Fig. 24, nous avons porté les 
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24. Influence de l’amplitude du champ alternatif 
et B,,, t, 930 min. Température: —21,3°C. 


Fic. 
sur Az, 


composantes Az,, et B3,, de la tension au secondaire 
du tore pour différentes valeurs du champ alternatif 
appliqué. Elles sont intéressantes a plus d’un titre. 

L’extrémité libre du vecteur V3,, décrit d’autant 
moins une droite que le champ appliqué est plus 
faible. L’interprétation donnée précédemment ne 
peut constituer ici qu’une premiere approximation 
assez grossicre. La perméabilité magnétique de 
cette substance est beaucoup trop mauvaise pour 
qu’un schéma comme celui de la Fig. 16a puisse 


étre appliqué avec succes dans les champs faibles. 


Pour H,, = 242 mOe, B,,, est en effet inférieur a 
100 G pour ¢ ty. 

La Fig. 24 montre en outre l’influence des varia- 
tions de perméabilité sur l’ordre de grandeur de 
V3,. Alors que dho doit étre plutdt légerement 
décroissant, Bs’ est une fonction de H/,, tres nette- 
ment croissante. En mesurant le fondamental V,, 
au voisinage du minimum de V3,, nous avons 
trouvé que la perméabilité variait de 500 G/Oe 
pour H,,, = 242 mOe a 2200 G/Oe pour H,,, = 377 
mOe. On retrouve bien approximativement ce 
méme rapport entre les valeurs correspondantes de 
l’harmonique d’ordre 3. 

Enfin, cet échantillon, 4 cause de la valeur 
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particulicrement élevée de son champ de trainage, 
est trés difficile 4 désaimanter. Ainsi 200 min aprés 
Vapplication d’un champ d’amplitude H,, = 242 
mOe la substance reste encore dans un état partielle- 
ment stabilisé qu’on reconnait a l’existence du 
creux caractéristique au sommet de la sinusoide. 
Les oscillogrammes de la Fig. 25 sont a rapprocher 
de ceux de la Fig. 22, obtenus dans les mémes 
conditions de température et a l’aide du méme ap- 
pareillage, sur une solution beaucoup plus diluée. 
Parmi toutes les parois de BLocu, celles qui sont 
rappelées vers leur position d’équilibre par les 
forces les plus grandes se déplacent alors suffisam- 
ment peu pour retomber a chaque alternance dans 
les mémes creux de potentiel. Elles y restent 
stabilisées pratiquement indéfiniment, sans que les 
constantes de temps de diffusion soient en cause. 

(vii) Comportement des harmoniques supérieurs 
Vs, et V7,. Revenons a l’étude de |’échantillon 
contenant 0),0046 pourecent de carbone. Nous avons 
mesuré les composantes V5,, et V7,, dans les mémes 
conditions que précédemment. 

La théorie prévoit que les harmoniques 5/z,,, 
5hz,,, dh(4n_1),,, peuvent s’annuler pour une cer- 
taine valeur de t—t;. On peut donc penser que 
dans la mesure ow I’hystérésis n’intervient pas, 
seuls les harmoniques V3,,, V7,,, V (4n-1) 
passeront par un minimum, inexistant pour les 
harmoniques V3,,, V(4n41)y. Nous avons 
effectivement pu mettre en évidence le minimum 
de V7,, pour ¢; suffisamment court. 

Par contre, nous avons toujours trouvé une dé- 
croissance monotone de l’harmonique 5 quelle que 
soit la durée ft, de la stabilisation. Ce résultat con- 
forme a la théorie est en contradiction avec cer- 
taines mesures de FELDTKELLER.“?) Nous pensons 
que des différences assez faibles dues a l’hystérésis 
et aux courants induits peuvent étre rendues res- 
ponsables des écarts importants enregistrés. En 
particulier, si la substance obéit aux lois de 
RAYLEIGH, et si les courants induits restent con- 
stamment négligeables, on peut montrer que |’exis- 
tence d’un minimum est effectivement possible 
pour tous les harmoniques d’ordre impair. 


(e) Conclusion 

Nous avons mis en évidence sur des solutions 
solides connues de carbone dans du fer, placées 
dans un champ alternatif d’amplitude convenable, 
un trés grand nombre de faits expérimentaux ap- 


D 


paremment trés complexes. Bien que ces phéno- 
meénes ne soient pas nouveaux 4 proprement 
parler, 2-13) nous les avons rencontrés avec une 
intensité jamais encore signalée; leur étude quanti- 
tative en a été grandement facilitée, et nous en 
interprétons les principaux aspects sur la base de la 
théorie du trainage de diffusion de NEEL. 

D’une maniere générale, les résultats obtenus 
sont beaucoup plus difficiles a utiliser que ceux qui 
résultent des mesures de désaccommodation. L’in- 
tervention de l’hystérésis et des courants induits 
complique alors réellement les problémes sans 
aucun profit. 


7. APPLICATION DES MESURES DE TRAINAGE 
MAGNETIQUE A LA DETERMINATION DE LA 
SOLUBILITE DU CARBONE DANS LE FER 

Au cours de nos mesures de désaccommodation , 
nous avons obtenu des variations considérables de 
perméabilité sur des solutions solides de carbone 
extrémement diluées. Si les mesures magnétiques 
permettent inversement d’évaluer la teneur en 
carbone dissous d’un échantillon quelconque, nous 
disposons la d’une méthode de dosage d’une 
sensibilité exceptionnelle. 


(a) Comparaison de (hy) max et € 


max 

Aux faibles concentrations, la variation ap- 
parente de résistance électrique de nos échantillons 
a la température de l’oxygene liquide est pro- 
portionnelle a la quantité de carbone en solution 
(Fig. 4). Nous retrouvons la loi de MATTHIESSEN. 
Pour des concentrations supérieures a 0,01 pour- 
cent la solution précipite. Le précipité qui en 
résulte affecte lui aussi la résistivité de la substance, 
mais les perturbations qu’il provoque sont moins 
importantes. 

Nous admettrons que ces perturbations sont 
également linéaires en fonction de la quantité de 
carbone mise en jeu. On en déduit la solubiliteé 
limite du carbone dans le fer a la température de 
préparation des échantillons, (légerement in- 
férieure a 700°C), Ci mite &% 9,013 pour-cent, valeur 
voisine de celle obtenue par Dijkstra. “4? 

Portons sur un méme graphique (Fig. 26): d’une 
part en abscisses les variations de résistance 
AR/R mesurées pour différents échantillons en ne 
retenant, pour les solutions les plus concentrées, 
qu’une variation égale a 9,1 pour-cent représentant 
la contribution maximum du carbone dissous, 
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grande ait indis- 
pensable de carburer a centration connue 


un ecnhant llon témoin nature et de déter- 


miner sur ce temoll Lhe correspondance 


entre (/; 


(b) Avantages et inconvenients des dosages par mesure 
du trainage 

Envisagée comme permettant des dosages re- 
latifs, la mesure du trainage presente des possi- 
bilités exceptionnelles. La qualité la plus précieuse 
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de cette méthode réside certainement dans sa 


sensibilité. Non seulement, elle permet de déceler 
et mesurer facilement sur nos échantillons des con- 
centrations en carbone dissous de |’ordre de 0.0001 


pour-cent, mais encore sa sensibilité est a vrai dire 


1? 


d’autant meilleure que la concentration a mesurer 


Nous lui 


une qualité 
1 
i 


qs 
trouvons lia 


substance est 


isochrones que la 


Pout 


une 
aonnee 


rsemel! 


\1 
Lal 


nous 
une dis- 
t nous 
comporte- 

carbone et 

caractériser 

part, aux 

peut aborder, on 

ficultés a fabriquer 

un écl t sar. Nous nous 
som heu au cour » ce travail et nous 


producti- 


n rT 
i 1rre 
ji i ill 


cision de nos re- 


(c) Solubilité du carbone dans le fer a température 
ordinaire 

Un échantillon contenant 0,0075 pour-cent de 
d’aprés les pesées présentait initialement 


mc sai 
33.0 % 


carbon 
une pression de trainage de 77 mOe a 
nous l’avons conservé a la température ambiante 
dans un bain d’huile de vaseline. Deux ans apres 
sa préparation, le champ de trainage n’était plus 
que de 3 mOe. Plus récemment, nous avons ob- 
tenu 2,30 mOe, 3 ans aprés sa préparation. La 
solubilité du carbone dans le fer « a 20°C est donc 
extrémement faible, inférieure a 0,00023 pour-cent. 
En pratique, nous devons la considérer comme 
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nulle puisque la precipitation se poursuit pour des Je remercie enfin, tous mes camarades et amis.des 
concentrations aussi faibles. différents services pour le dévouement qu’ils ont tou- 

La variation relative de perméabilité dans jours manitesté & mon ¢gard. 
mesures de désaccommodation au voisinage de 
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grande sensibilité et par consequ nt lint 
mesures de trainage envisagées comme 


dosage des solutions solides tres dilués 
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Abstract 


silicon and germanium. The non-local corrections lead to the expression [7r#, H] 
the quantity « measures the non-local correction. For silicon e : 


€ 0-26--0:-10. 


RECENTLY KANE") has discussed the effect of ex- 
change terms in the effective mass formalism.* He 
concludes his paper with a qualitative estimate of 
their magnitude. In this note we shall show that by 
combining cyclotron mass and optical data with 
certain results of OPW (orthogonalized plane 
wave) band calculations, one can obtain a quanti- 
tative estimate of the magnitude of non-local cor- 
rections in silicon and germanium 

The corrections due to exchange arise because of 
its non-local character. Thus when one includes 
the exchange operator in the Hamiltonian, one 
obtains, as KANE") shows, corrections to the com- 
mutators important to the effective mass formalism. 


These are 


W 


space representation : 


where is the exchange operator 


in equation (1) 
It be 


writing 


second term on the right 
the 
approximately 


The 
represents can 
evaluated V(r) 
e*k-ry,(r) and expanding u,(r) in a power series: 


Uj 13 + os 6 


exchange correction 


by 


uj(t2) ~~ uz(1))+(fe—1}) * (3) 


G. F. DresseLuHaus for calling 


* T am indebted to Prof 


this paper to my attention. 


52 


The magnitude of the exchange terms recently discussed by KANE is evaluated for 


(1+ €)(thp#)/m; 


0:29-+-0-10 and for germanium 


where we discard all terms higher than the first, 
which makes the first non-vanishing contribution. 
Inserting equations (2) and (3) into the com- 
mutator, one finds 


k’,n'\[re, W] k,n) 


—e? f(rj4—ret)4 s n(11)(¥2—11)* 7 Ven("1) 


S VY (11)'¥;*(r2) 


dr\d(r2—1}). 


(4) 
"Ts 
If one now assumes that the exchange hole is iso- 


tropic, 
(5) 


LV (ri) V*(r2) =f(\r1—19)), 


then 


a 
(r+, W] +9" | |ro—1y| f (\r2—11|) d(r2—11) 


(6) 


where 


1 \re—ri|f(\re—ri|) d(re—1;). (7) 


3 


We have repeated KANe’s derivation primarily 
to correct an error in the sign of the result (6). 
However, from the derivation it is also clear that 
other non-local corrections, such as those due to 


correlation will also in first order yield a correction 


proportional to V. Thus to lowest order, the 
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commutators appearing in the effective mass for- 
malism should have the form 


V/ 
[r#, H] = (1+6)—pe, (8) 
m 


where € measures corrections due to non-local 
potentials. (If one includes exchange effects only, 
then « = (me?F)/h?.) We shall now estimate € in 
germanium and silicon crystals for states near the 
band gap. 

Such estimates can be made by comparing ex- 
perimental values for band-structure parameters 
with those obtained theoretically. At first sight this 
procedure would appear to have little quantitative 
significance because of the qualitative state of 
energy-band calculations at present, which in turn 
derives chiefly from uncertainties in the crystal 
potential. The situation is redeemed, however, by 
several features. To calculate effective masses one 
needs to know wave functions and energy values. 
In silicon and germanium the terms making the 
principal contributions at the center of the zone 
are those directly across the energy gap, and these 
energy differences have been measured optically by 
Dasu and Newman.) To obtain matrix elements 
in the OPW formalism one needs mainly the 
coefficient of the principal component of the wave 
function in a Fourier expansion e.g. the coefficient 
of the <111) plane waves in expansions of the 
wave functions near the top of the valence band. 
Since calculations for diamond,®) silicon,“ and 
germanium™) have shown similar convergence 
properties, it is reasonable to conclude that these 
coefficients are relatively insensitive to the exact 
nature of the crystal potential (unlike the term 
values, which we obtain as much as possible from 
experiment). 

We first indicate that the errors in the calculation 
are sufficiently small to show that non-local effects 
make a significant contribution to the experi- 
mental effective mass parameters for the valence 
bands in silicon and germanium. In the notation of 
DressELHAUvs et al.,6) one measures the band para- 
meters A,|B|, and |C|. These are in turn related to 
the quantities L, M, and N which describe the 
bands in the absence of spin-orbit coupling by the 
following equations: 


A = h?/2m+(L4+2M)/3, (9) 


B? = [(L—M)/3p, (10) 


3C2 = N2—(L—M)2. (11) 


The quantities L, M, and N are expressed ac- 
cording to second-order perturbation theory in 
terms of the matrix elements of [r#, H]| between 
various wave functions. To indicate the uncertain- 
ties of the calculation, we evaluate M for silicon. 
Assuming [r*, H] = ih/mp“, we have 

(P25 [py| P15) |? 

——— (2 

Eo—F 

where |I'j5"!)) denotes a suitable basis function as 

defined by Dressetnaus) and E;—Ep ~ (2°5+ 

+0-1)eV, according to DasH and Newman.) 

One now expands |Ij5"?) and |[‘25’9?) in terms of 
symmetrized plane waves: 


|Py5) = ag 111 +a (220° +... 
(13) 


| Po5P) = bp <111 5+; (200 >+b2 (2205+ ..., 


where < 111) denotes an appropriate symmetrized 
plane wave basis function. Now one finds 


[(V25|py|Pis)| ~ aobo+ V 2aebo+... (14) 


The correction terms due to adobe. . . are smaller 
than the uncertainties in agbo, so that they can be 
neglected. From HERMAN’s study of diamond, 
one guesses a) ~ 0-91 with a probable error of 0-02 


0-04. Thus altogether one finds 
(15) 


in units of 4?/2m. The other parameters can be ob- 
tained in a similar way. The fractional errors will 
be larger because the term values are known less 
accurately, but the absolute errors will not be any 
larger, because the other terms are considerably 
smaller. The results of these calculations for silicon 
are shown in Table 1, where they are compared 
with the experimental values. 

Somewhat more care must be exercised in carry- 
ing out similar calculations for germanium. The 
chief contribution in this case comes from |I"2’)), 
and if |[2’")) is expanded as before, 


and by ~ 0-76 


Ms ~ —3-7-40°6, 


| Tp.) = cg (111 >+¢, 200 +3 ¢311>+..., (16) 


one must determine cp and c}. From HERMAN’s cal- 
culations) for germanium, it is evident that co and 
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Table 1. Comparison of experimental and theoretical 
values for the for the 
valence bands of silicon and germanium. The ex- 
perimental taken from MDRESSELHAUS 
while the method of deriving the theoretical 
the text 


cyclotron mass constants 


vaiues are 
et al., 


values is described in 


ease in the I's 
ves are in- 


} 


have assumed 


d the matrix 


~ bocy +3 


lations for rmanium are 


It is clear from this table 
non-local effects must be included to obtain 
nt results 

now reverse the calculation and esti- 
We find in 


germanium € 


Thus we 
and 
0-10 


interesting 


silicon 
0-29 


mate ¢€ in germanium. 


silicon « and in 


0-26+0-10. It is to compare these 
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values of « with those obtained Kang," using the 
Slater free-electron approximation for exchange 
with the valence electrons. KANE finds « ~ 0-65. 
This is about twice the value obtained for silicon 
and germanium, which is the result usually en- 
the 


countered when Slater approximation is 
made. 9-11) 

From these results it appears that the non-local 
part of the exchange interaction between the 
valence electrons and the 3d shell is not as large as 
the interaction between the valence 
electrons themselves. A more accurate calculation 


of exchange effects, e.g. including screening, does 


non-local 


not appear to be warranted by the data 


ledgement—The author is pleased to acknowledge 
versations with M. Lax 


d 1 kno 
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Abstract 
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Radiation-induced phase changes can give valuable information about the nature of 


thermal-spike regions. Recent experiments suggest the following classification: (1) If dV/dT is always 
positive, even at the transformation point, the thermal spike is a region containing Frenkel pairs or 
many displaced atoms, as in the ‘‘displacement spike’’ of BRINKMAN. (2) If dV/dT has an anomaly, 
corresponding to an increase of density due to the formation of a more closely packed phase, one may 


expect the more dense phase to be produced in ¢ 


i “structure spike’’. In the latter case the high 


yressure which a thermal spike exerts on the surrounding matrix is an important factor in creating 
I I g I g 


the high-temperature phase. 


IN recent years most of the results of radiation- 
damage experiments have been discussed on the 
basis of induced Frenkel defects and on the more 
generalized model of a thermal spike. ‘The duration 
of such a thermal pulse was estimated by Serrz™) to 
be of the order of 10-11 sec. The atomic vibration 
frequency in solids is about 101%/sec, so that the 
lifetime of the pulse is of the order of 100 atomic 
oscillations. ‘The heated region is quenched rapidly 
to ambient temperature. Consequently a model of 
the processes occurring during a thermal spike can 
be based only on the observation of the defects 
introduced by the thermal spike into the matrix 
material. 

The short lifetime of a thermal spike causes one 
to ask whether time and space will allow the nuclea- 
tion of a second phase being the stable phase at 
high temperature in the spike region, and whether 
it is possible for the group of atoms which are 
heated during the thermal spike to follow all the 
phase changes associated with the phase diagram of 
the material. Materials which have a characteristic 
and relatively unusual behavior at high tempera- 
tures, such as those which have a high-tempera- 
ture phase, may be very helpful in the study of the 


* This research was supported by the United States 
Atomic Energy Commission and the National Academy 
of Sciences. 
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effects of a thermal spike. It might then be possible 
to quench-in the high temperature behavior and to 
measure the effects at lower temperature. 

The III-V compounds which have attracted so 
much attention in recent years because of their 
highly interesting electrical properties) are very 
suitable for this purpose. They contract consider- 
ably on melting, as is shown for gallium antimonide 
in Fig. 1. The behavior of germanium is very 
similar. At the melting point a new configuration 
exists in the liquid state which is stable only in a 
form possessing short-range order under normal 
conditions. In the case of indium antimonide“) 
and germanium,®) X-ray measurements showed 
that the number of nearest neighbors increases at 
the melting point from 4 to 6 and 8, respectively. 
The present authors irradiated single crystals of 
gallium antimonide with 12-MeV deuterons at 
liquid-nitrogen temperature.) The shape of the 
X-ray reflections suggested very strongly that the 
material contracted on irradiation. This bulk 
contraction was interpreted as being due to spike 
regions which probably are in a liquid-like lattice 
configuration having a higher density than the 
normal solid. 


Irradiation 
GaSb solid <— _ 


configuration Annealing 


GaSb liquid 


configuration 


(1) 
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These spike regions do not fulfil the Bragg con- 
dition, whereas the surrounding single matrix does, 
resulting in a lower X-ray intensity from the 
irradiated crystal. Broad rings were observed with a 
modified Debye—Scherrer technique. ‘This means 
that in the spike regions randomly distributed 
“‘micro-crystals” are present which have a well- 
defined structure. This structure must be different 
from the matrix material, for otherwise no con- 
traction would Reasoning 
along the lines of BRINKMAN, ” one could call this 


have been observed. 
model a structure spike. A structure spike region 
then is that part of the spike in which a phase 
different from the matrix is formed during or after 
the temperature pulse. Annealing experiments 
showed that the material of the spike regions trans- 
forms into the surrounding stable matrix at 

110°C according to the reaction (1) mentioned 
aboy e 

So far no general rules have been established for 
the occurrence of radiation-induced phase changes. 
The have been in- 
vestigated: ‘TUCKER 
SENIO,®) tin ~ gray) by FLEEMAN 
Dienes) ZrOz (monoclinic — cubic) by WITTELS 
and SHERILL,“@° and the precipitation of «-Fe in 
Cu (Fe, — Fe,) by Denney.“!) It is remarkable 
that in the case where no transformation is ob- 
served (uranium) the high-temperature phase has 
the lower density, whereas in the cases where a 


following transformations 


uranium (x= 8) by and 


(white and 


transformation seems to occur (ZrOz, GaSb, Fe) 


MICROVSKII 


GaSb 
and 


with temperature 
REGEL'??). 


the high-temperature phase has the higher density. 
Apparently transformation is favored in these cases 
by a negative volume change. The transformation 
temperature varies with pressure according to the 
well-known Clausius—Clapeyron equation: 
dT Vnien T—Viow 7 
(2) 
dp Poy 
in which S is the transformation entropy. In Table 
the value of d7/dp is given for iron, tin, ger- 


manium, bismuth and copper. 


Table 1. Values of dT/dp 


(dT) dp)(10-* C° atm 


Transformation 


Fe, > Fe, 


The volume change on melting is —5-5 per cent 
for germanium and is even higher for the III-V 
compounds (of the order of —10 per cent). The 
entropies of melting for the III-V compounds are 
not known, but the similarities to germanium 
suggest that a large change in transformation tem- 
perature is to be expected. In the case of ger- 
manium, Hai") verified this relation by applying 
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very high pressure. He found that the melting point 
decreases linearly with increasing pressure from 
936°C at 1 atm to 347°C at 180,000 atm. 
dT 
dp 


It should be noted that FLEEMAN and DiEngs() 
investigated the reverse transformation, where such 


—3°3x 10-3 C° atm—!. 


considerations are not applicable. 
The pressure p which a spherical spike region 
exerts on the surrounding matrix, treated as an 
infinite solid, can be estimated from the equation 
given by Seitz and KOEHLER“) 
AV 3p 


3 

Veo 4 ©) 
in which AV is the expansion of the initial volume 
V of the spike region and yp is the shear modulus. 
As a first approximation Vy may be set equal to 
the energy of the primary knocked-ons. In the case 
of fast neutron irradiation this energy is of the 
order of 104eV. The volume V was estimated by 
BRINKMAN) and measured by ARONIN“*) on the 
basis of disordering, and is about 10-19 cm? or104 
atom sites. Using these data, one finds a pressure 
of the order of 2 x 10° atm. On the basis of relation 


(2), it then seems reasonable to assume that the 
transformation temperature is lowered by several 
hundred degrees in spike regions of materials like 
iron, germanium, bismuth, and gallium anti- 


monide. From a macroscopic point of view, it is 
therefore important to emphasize that both tem- 
perature and the associated pressure are respon- 
sible for the actual transformation of a thermal- 
spike region from the original phase into the high- 
temperature phase. With a better knowledge of the 
constants used in the calculation, one should be 
able to predict whether an irradiation-induced 
phase change is thermodynamically possible. 


The foregoing discussion does not take into 
consideration factors such as thermal conductivity, 
incubation time, metastability of the high-tempera- 
ture phase, and so forth. At present it seems im- 
possible to make a complete theoretical evaluation 
of all factors involved. 

Experiments are in progress!) to determine the 
size and number of spike regions in germanium 
by means of the small-angle scattering of X-rays. 
Preliminary results show that the size is of the 
order of 104 atoms, in agreement with the number 
used in the present paper. 
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4-2 K to 
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well with other dat 


ee 


1. INTRODUCTION 


metals are of 
ee 


metal 


value in 


constants of 


ice dynamics, ic binding, and 


properties. However, only a very few 


dg Over a \ 


ide temperature range 
down to 4:2 K. ‘These low-temperature 
interest, since they can 
4 | ° 
and can also be used to 
Debye @ useful in specific-heat 

have measure- 


the 


been no low-temperature 


men n hexagonal metals until re- 


very 
cently," and the present investigation was under- 
taken in order to provide such measurements. Zinc 
was chosen because of the ease in preparation of 


1 single crystals and because its low melt- 
ing point (419°C) made it possible to measure the 
elastic constants near the melting point where there 


are almost no data available for any metal 


2. EXPERIMENTAL PROCEDURE 

the three 
sound-wave velocities (two transverse and one longi- 
the factored 


For a medium of hexagonal symmetry, 


tudinal) are given by three roots of the 


7 
secular equation‘ 


(pv2—a)|(pv2)2—bpv?-+-c] = 0 (1) 
Here wv is the velocity of a sound wave traveling at an 
angle ¢ to the hexagonal axis and p is the medium den- 
sity. The coefficients a, b, and ¢ are defined in terms of 
@ and the elastic constants by the equations 


ing the ul ] } 
, using the ultrasonic-puise technique 


ints of single crystals of zinc have been measured from 


Although the tem- 
occur even as the melting point is ap- 
-2°K values are: Cy, 

5°54 in 


a. The 4 
7 units of 


7-080, C, 3:75 and C, 


(4) 


where y cos & é 

The ultrasonic-pulse technique yields measurements 
of the three velocities at a particular value of ¢ and thus 
and c associated with 


determines the coefficients a, J, 


that angle. Since there are five elastic constants, it is 
necessary to determine these coefficients for more than 
one angled, in order to obtain five independent relations. 
The and ¢ = 90° yield 


simple results, but allow only four of the five constants to 


pure wave orientations ¢ Q 


be determined") because the fifth constant, C)3;, appears 
only in the coefficient c when ¢ is not equal to 0° or 90°. 
Furthermore the coefficient c is a quadratic function of 
C3 and thus there are two possible values of C,3 which 
are consistent with the measured coefficient c. In order 
to choose between these solutions, some other piece of 
information must be used. There are certain inequalities 
between the elastic constants which must exist in order 
to preserve the lattice stability.(4) For a hexagonal metal, 
those which involve Cj, are 


Cis? > CuiCa3 


Ci32 > $C33(Ciit+ Ci) 
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In the case of zinc at room temperature, the two pos- 
sible values of C,,; which can be obtained from the mea- 
sured wave velocities are 5:30x10!! dynes/cm? and 
—13-06 x10"! dynes/cm?. The latter value does not 
satisfy either stability condition. Thus the former value 
must be the correct root. 

There are for which both 
satisfy the stability conditions. In these cases it is neces- 


materials values of Cj; 
sary to use some other measurement (Young’s modulus 
or the compressibility) in order to decide which value of 
Cj; is correct. Cobalt is such a case, and the wave veloci- 
= 45 


dynes/cm? 


can be ob- 


ties measured by McSkIMIN©) at & 
for Ci, 
7 


1-027 x 10}? 
x 10'? dynes/cm?. The former value must 


tained or from 


Cis Y 
be accepted, 


which is quite different from the directly measured 


since the latter leads to a compressibility 


value. 

The zinc single crystals used in the present investiga- 
tion were grown at the State University of Iowa by one 
of us,‘®) using the Bridgman technique. Their purity was 
determined to be 99-98 per cent zinc.* The crystals were 


(6) 


grown in the form of 14 x}xX7in. blocks and the two 
specimens used for this investigation were cut from these 
with a fine-toothed circular saw attached to a small mill- 
ing machine. One specimen, referred to as Zn I, 
cleaved at liquid-nitrogen temperature in order to obtain 


was 


two parallel surfaces whose normals exactly coincided 
with the hexagonal axis of the zinc lattice. Using these 
surfaces for reference another pair of surfaces oriented at 
exactly right angles to the hexagonal base plane were pre- 
pared. In this way, the resulting zinc specimen had two 
surfaces parallel to the base plane and two surfaces per- 
pendicular to it. 
polished on emery paper to remove the severely cold- 


The specimen was then lapped and 


worked layer left by the cutter while keeping the surfaces 
smooth and exactly parallel. After the mechanical polish- 
ing, the specimen was carefully etched in dilute HCl and 
in a solution suggested by GILMAN and DeCar.o‘”) to 
remove 0:1 mm of material from each surface. These 
etched surfaces showed slightly elongated Laue back- 
reflection X-ray spots. The crystal was then annealed 
at 390°C for 4 hr in an argon atmosphere. No re- 
crystallization was observed to result from this anneal, 
and the Laue spots became sharp. 

A second crystal, referred to as Zn II, having a differ- 
ent crystallographic orientation, was prepared by the 
same procedure. It had two parallel surfaces oriented at 
an angle to the hexagonal axis and another pair of parallel 
surfaces oriented at 90° to the base plane. The first pair 
of surfaces were required for the measurements of the 
constant C3. The second pair was prepared in order to 
provide a cross-check on the results obtained from the 
first specimen. 

Measurements made on these two crystals at various 
times during their preparation showed that the elastic 
constants were changed by no more than 0:1 per cent 

* Spectroscopic analysis by Mr. E. RuNGE of this 
laboratory showed Cu 0:010, Ca 0-003, Mg 0-003, 
Cd 0-002, Fe 0-002, Pb 0:001, Sn < 0-001, and Al- 
< 0-005 weight per cent. 
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when the polished surface was removed and the crystals 
annealed. It therefore seems reasonable to conclude that 
the distortions introduced by the preparation technique 
had a negligible effect on the final results. 


was used in 


A modified ultrasonic-pulse technique'® 
measuring the elastic wave velocities. The 
Sperry Reflectoscope 
Tektronix ‘T'ype-535 


electronic 
apparatus consisted of a type VR 
with its output displayed on a 
oscilloscope and triggered by a T'ype-180 Tektronix 
time-mark generator. By using the double-sweep attach- 
ment, it was possible to determine the time of arrival of 
an echo by measuring the time difference between the 
first cycle of the echo signal and a particular time mark 
This could be done to +-0-01 psec. The unrectified echos 
were used in order to determine the leading edge of the 
echo more accurately. It was found that the attenuation 
of the sound in the solid caused the first cycle of the 
echo to disappear into the amplifier noise after a few 
trips through the specimen. The times of arrival of the 
subsequent echos were then measured to the second 
cycle of the echo signal and the result corrected by 
0-10 psec (since a 10-mc/sec echo signal was used). This 
technique greatly improved the internal consistency of 
the entire set of measurements. Furthermore we feel that 
sufficiently 
this 


this method made the transit time error 
small to 


“error” has been applied to the 


be neglected. Hence no correction for 


data. Tests made on 
aluminum samples of several different lengths indicated 
that this point of view was justified since no clearly de- 
fined transit-time correction greater than the experi- 
mental error of 0:01 usec was apparent. 

The 
made in an argon atmosphere in a furnace equipped with 
a Wheelco temperature controller. A alumel 


thermocouple in contact with the specimen was used to 


measurements at elevated temperatures were 


chromel 


measure its temperature. The glue used to fasten the 
quartz transducer onto the specimen was Sauereisen 
P-31 cement. 

For the measurements between room temperature and 
77°K, a small furnace was built, using polystyrene foam 
for insulation. This was immersed in a liquid-nitrogen 
bath and the same Wheelco temperature-control system 
used again to obtain any temperature between 77 and 
300°K. In this range, a copper—constantan thermocouple 
was used to determine the specimen temperature. Mea- 
surements below 77°K were obtained only at 4:2°K by 
simply placing the specimen in liquid helium. For all of 
these low-temperature measurements, the glue used was 
machine oil, stopcock grease, or glycerine. All three were 
equally satisfactory. 

In order to determine C,; from the wave-velocity 
measurements, it was necessary to know the angle ¢ 
between the hexagonal axis and the propagation direction 
in crystal Zn II. This angle was measured by the back- 
reflection Laue technique, by observation of reflected 
light from the cleavage plane and by an acoustic method, 
i.e. by requiring internal consistency among the three 
wave velocities measured at the angle ¢ at room tem- 
perature. The average value obtained from all three 
methods was ¢ = 16:60+0-1°. 

At temperatures different from room temperature, it 











6U ce. A. 


to correct the density and the wave velocities 
Because the expansion 1S aniso- 
also be made. 


is necessary 
for thermal expansion. 
a correction to the angle @ must 
determined from the thermal- 
*RUUNEISEN and ¢ ;OENS.(?°? 


tropic, 
These corrections were 
expansion coefficients given by ¢ 


3. RESULTS 
Using zinc crystal Zn I. the velocities of pro- 
1 longitudinal waves 
90° were measured. 
solutions 
90°, 


pagation of the transverse an¢ 
traveling at 0° and ¢ 
For ¢ 0, 


) ’ ) 
( 14 pv2°, 


equation (1) has the 
pvy" and pv32 = C33. For 
the solutions are pv4" MCh C}2), pUs- C44 
Cy. Fig. 1 shows the temperature- 


and pv¢- 
uantities from 4-2°K to 97 


dependence ol these q 
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was obtained from 


per 
curve marked pvs~ 
of the velocity Vg 
to 


measure- 


ments of a 


wave traveling at 16-6 


crystal Zn II. Equation (1), when solved for pvs*, 


yields 


(Cy +Cas)—y(Cu— Cas) + 


Lpug~ 
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quasi-longitudinal 
the hexagonal axis in 
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+ (82(Cr1 —Caa) —7°*(Ca8—Caa) P+ 
4-4282(Ci3+Caa)"}? 
cos 16°60° and B = sin 16°60". 

Using the measurements at 4 — 0° and ¢ = 90° 
with pv”, equation (5) was used to deduce the con- 
The constant Cjzg was easily calculated 
The temperature-dependence 
hown in Fig. 2. Since 


stant C}3. 
from pv¢2 and pva?. 
of these two constants is S 
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smooth curves drawn 


are no experimental 


they are deduced from 


through measured data, there 
points on these curves. 

Determination of the 
pulse was accomplished to 
all temperatures. 
at room temperature to an 
The sound-wave- 
propagation direction, 1.€. must be 


but for the important cases of 6 = 0° and 
igibly small. 


transit time of the sound 
0-01 psec or about 


0-1 per cent at The specimen 
length was measured 
accuracy of -+-0-05 per cent. 
the angle ¢, 


known, 
90° errors from this source were negl 
For the case of ¢ 16-6°, the angle was measured 
carefully as discussed previously. For computing 
the important quantity pv, the density of zinc was 
taken from the X-ray measurements of SWANSON 
and TATGE") to be 7°134 g cm? at room tempera- 
ture. Assuming the density is correct to 0-1 per 


cent, the elastic constants Cu, C33, Caa, and 
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Table 1. Internal consistency of the measured quantities between the two zinc crystals 


Units of 10"! dynes/cm?. y? 


= cos* ¢ and §? = sin?’ d 


Quantity 
Measured 


Crystal | Propagation | 
| direction 


Associated elastic constant 





pv,? = 3-880 


| pu? = 3-880 


pus? = 6:347 


$=0° 


Cu 


Cu 


, 
Cos 





| pu,? = 6-378 
pu;? = 3-887 


pv,? = 16-398 


(Cy — C2) i 
-_-—-- aioe - Quantity 
calculated 
from data on 


Zn I 





pug = 6°344 
pus? = 3-867 


pug? = 16-362 


d = 90° 


6:378 


(Cy, —Ciz) 
3-887 


16°398 





pu,” = 4-092 


|b = 16°6° | pus?+ pus? = 11-055 


5-167 


4(Ci, —Cj2) as well as pvg? should then be accurate 
to -+-0-5 per cent. Actually repeated measurements 
of the same constant on the same crystal differed 
from one another by at worst 0-3 per cent. How- 
ever, measurements of the same constant on two 
different crystals differed by approximately 0-5 
per cent. These conclusions are exhibited in Table 
1, which shows the internal consistency of all 
twelve measurements made on the two zinc single 
crystals prepared for this experiment. 

The deduced constants Cjo and Cjg cannot be 
determined to -+-0-5 per cent accuracy because of 
propagation of errors. The calculation of Cj, is 
simple but leads to an uncertainty of --2 per cent 
because it involves a difference of two quantities. 
Cig presents a much more difficult problem, not 
only because equation (5) is elaborate, but also 
because the angle ¢ must be known quite accurately. 
An uncertainty of 0-1° in ¢ results in a 1 per cent 
uncertainty in Cig. The final accuracy of Cjg is 
estimated to be --5 per cent. 

Once all five of the elastic modulii have been 
determined, it is possible to compute the five 


([8?(Cr — Cau) + 7°(Cag — Cg) ]? + 478 (Cig + Cas)*} * 


4-082 


VCut bB(Cy —Cy,) 


(Ci 13 Cus) ai i y7(Cs3 as Ci) 


11-044 


5-148 


elastic compliances Sj, Sj2, S33, S44, and Sj3 and 
the two linear compressibilities K , and K,. Some 
of these quantities have been measured pre- 
viously, 2-14) and Table 2 shows a comparison of 
these results at room temperature. Considering 
the propagation of errors in converting the C con- 
stants to the S constants, the agreement is re- 
markably good. In fact the measured value of Cig 
must be much closer to the true value than its 
estimated error of --5 per cent would indicate. If 
Ci3 were changed by 1 per cent, the overall agree- 
ment with other measurements would become 
much worse. 

Figs. 3 and 4 show the temperature dependence 
of the compliances and of the linear compres- 
sibilities. The flags on these curves represent the 
uncertainties which arise from the propagation of 
errors. The dotted curves are the measurement of 
Wert and ‘TyNpALL."3) They measured Sy 
nearly directly and here the agreement is quite 
good. Their measurement of S33 was more indirect, 
and the agreement is not as good in this case. They 
also show that 2.S}3+.S44 goes through a maximum 
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DISCUSSION 


; not sur- 
Or Zinc (1-86) 
atoms are more closely 
: : 
base plane and hence comparatively 
ess compressible in that plane. As a function of 


{tocom- temperature, the c/a ratio increases and with it the 


sent room temperature results with those of other workers 


LU cm* dyne 
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K\/K , ratio, as is to be expected from the argu- 
ment above. However, unlike the c/a ratio in which 
both ¢ and a increase with temperature, the increase 
in K,/K , is almost entirely due to the numerator 
alone since the denominator, K ,, remains nearly 
constant. This means that even though all the 
atoms get farther apart at high temperatures, the 
base plane retains its resistance to being com- 
pressed while the c direction becomes more com- 
pressible. Such an effect is quite strange, but it 
could imply that the binding in the base plane 

Table 3. Adiabatic ¢ 


Ur 


600 
670 


is different from that along the c-axis. That is, it 
implies that there is a separate contribution to the 
binding in the base plane, which has a small or 
negative temperature coefficient. The existence of 
covalent bonds operating only in the base plane has 
been proposed by WALLAcE,"®) but the use of his 
bonding scheme to explain the present results 
would require a detailed calculation and discussion 
beyond the scope of this paper. We simply con- 
clude that our results are compatible with his 
proposal. 

A binding force operating only in the base plane 
is certainly not a central force. Thus, we cannot 
expect the Cauchy relations to be satisfied. For a 
hexagonal metal, these are Cj3—Cy4=0 and 
Ci;—3Cj2 = 0. Reference to Table 3 shows that 
indeed they are not satisfied at 0°K. At higher tem- 


peratures the difference Ci3—C4q increases, but 


its of 10"! dyne: 
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Ci1—3C\2 decreases and actually approaches zero 
as the melting point is approached. The signific- 
ance of having only one relation satisfied near the 
melting point is not clear. It should be noted, how- 
ever, that the deviation from the Cauchy relations 


is not proof that there is a non-central binding 


is 
base plane. 


I 


force active only in the The electron 


gas also contributes a non-central binding force. 
In fact, it can be shown that for a simple model 4-16 
nce Cj3—( B, may be 


interpreted as the bulk modulus of an electron gas 


li4t py 
CIiriecr’? 


of a metal thi 


lastic constants of zinc 


cm* 


234 


/ 
a? 
/ 


060 


6:°818 


Using the present measurements at 0K, B, is 
0-9 x 10" dynes/cm?. From free-electron theory 4 
and using a valence of 2, B, = 13 x 10" dynes/cm?. 
Such disagreement is not surprising, since the 
model is an oversimplification and the electrons in 
zinc cannot be considered free. 

A very important use of the low-temperature 
elastic constants is the computation of the Debye 
temperature at 0°K. This requires the determina- 
tion of the average value of the sum of the re- 
ciprocals of the cubed wave velocities. A value of 
6) = 320°K was determined by graphical inte- 
gration, while a value of 327° K was obtained from 
the series-expansion method of Betts et al.“”), The 
value of 320°K is more nearly correct, since the 
series-expansion method is actually an approxima- 
tion to the graphical method, and is expected to 
fail for highly anisotropic metals like zinc. In the 





G. A. ALERS and J. R. NEIGHBOURS 


Table 4. Adiabatic elastic compliances and linear compressibilities calculated from 
the elastic-constant measurements 


Units of 10-15 cm?/dyne 
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case of an isotropic metal like magnesium, the two 
methods agree to better than 1°K. 

There are several determinations of 6) from 
low-temperature specific-heat measurements. The 
earliest of these, by KEESoM and VAN DER ENDE, “8) 
gives the result #9 = 320°K, while the more recent 
measurement of DAUNT and Sritvip19) in the 
liquid-helium range gives 6) = 291°K. SmitTH®®) 
gives the value 6) = 306°K and shows that 6 de- 
creases rapidly with increasing temperature. The 
reason for this wide separation between the acous- 
tic and the calorimetric results is being investigated 
in this laboratory by repeating the specific-heat 
measurements and by re-examining the methods of 
calculation $9 from elastic-constant values. 
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Abstract 


—The crystal structures of the Group VB to VIIB elements and of compounds formed 


between them are discussed on the basis of the valence-bond theory. A consistent bond scheme is 


proposed and applied to derive qualitative band structures for these materials. The band structures, 
which in many cases deviate from the usual semiconductor band model, afford a satisfactory inter- 


pretation of the anomalous electrical and optical properties observed in some of the substances under 
consideration. Thus, for instance, they provide an explanation of the anomalous sign reversals of the 
Hall coefficients observed in both tellurium and Bi,T'e;. Semiconducting properties are predicted 


for a series of ternary compounds. 


1. INTRODUCTION 
Most of the semiconducting compounds known at 
present contain elements lying on both sides of the 
Zintl border. While their properties can readily be 
interpreted on the basis of the usual semiconduc- 
tor band scheme, this is not, in general, the case 
for compounds containing Group VB to VIIB 
elements* only. Thus, the properties of BigSeg and 
of Bis'Tes, for example, can be explained within the 
framework of the semiconductor theory only if 
additional assumptions are made; this is true also 
‘valence- 


‘ 


for selenium and tellurium. Using the 
bond approach”’, 1-2) Mooser and PEARSON) there- 
fore put forward an alternative description of these 
elements. Even though at that time few experi- 
mental data were available on the properties of 
compounds formed between Group VB to VIIB 
elements, it was suggested that the same descrip- 
tion applied to at least some of them also. Since 
then new results, especially on the properties of 
compounds of the type 42’ B3Y!, have been pub- 
lished, and they can now be included in our dis- 
cussion. 

Although the valence-bond treatment as ap- 

* For convenience we shall consider this designation 
also to include sulphur. 


rn 


plied to solids is based on fundamental quantum- 
mechanical principles, it is not suited for any 
quantitative band calculations. It can, however, 
very well be used as a guide in qualitative dis- 
cussions of band structures, and one of its most 
useful assets is that it affords an understanding of 
whole families of chemically and/or structurally 
related substances. Thus, in the present paper we 
apply the valence-bond theory to derive qualitative 
band structures for the family of substances con- 
taining only Group VB to VIIB elements. In 
many cases these band structures deviate from 
that normally found in semiconductors, and it will 
follow from our discussion that they provide a 


satisfactory explanation for the anomalies observed 


in many of the substances under consideration. 

In Section 2 we will briefly discuss the bonds 
formed by the Group VB to VIIB atoms. The 
findings of Section 2 will then be applied to dis- 
cuss the structures and electrical properties of a 
series of elements and compounds. Anomalies 
such as the double reversal of the sign of the Hall 
coefficients observed in both tellurium and BisoTes 
will be interpreted. Finally, semiconducting pro- 
perties will be predicted for a series of ternary 
compounds. 
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Table 1. 


Group 


number Valence state 


2. THE BONDS FORMED BY THE GROUP VB TO 
VUB ATOMS 


The valence-bond theory offers no rigorous 


lecting the valence states best suited 


a solid 


criteria for s¢ 


to describe the chemical bonding in How- 


ever, the stoichiometric formula, the co-ordination 


of the distances 


little 


atoms, and the _ interatomic 
often le 
Thus readily 
1 and B listed in 
Table 1 will be the most important ones in the 


Group VB to VIIB elements and 


formed 


of any 
doubt 


recognize that 


a 


particular substance ave 


best choice 


\ ale nee 


about the we 


states 


in compounds 
However, in some modifica- 


the 


numbe rs of possible 


between them 


f these substances co-ordination 


ibers exceed the maximum 


bonds, which 


ire three, two, and one in 


the Group \ B, VIB, < nd VIIB atoms, re spectively. 
have 


to assume either that the bonds 
resonances among various posi- 
ond numbers smaller than unity, 
1] 


YVOTIG DONGS 


ids are formed which involve the 
rons (e.g. types D and D- in Table 1.* The 


ty of ionic-bond forma- 


Bond 
number 


Co-ordination 


Valence Bond type number 


p® 

p® resonance 
sp 

p*d® resonance 


p3/J2 
sp"a 


p? 


S} 


) 
p°ad 


} resonance 


sp*a~ 


number of such hybrid bonds may then be high 

enough to satisfy the atomic co-ordination. 
PAULING") has discussed the conditions under 

which pivotal resonance of bonds can develop, the 


most important being that empty (“‘metallic’’) 
orbitals must be available in at least one of any 
two atoms which are linked by a resonating bond 
Unless electrons are removed from the p orbitals 
by ionization (type A+), the only means by which 
empty orbitals become available for the valence 
electrons of the Group VB to VIIB atoms is a 
degeneracy in the solid of the vacant d orbitals of 
the valence shell with the occupied Pp orbitals 
a p d 


hybridization such as is indicated in state C (Table 


This degeneracy can take the form of 


1). The conditions for the occurrence of resonating 
bonds are such that in a compound it is sufficient 
to postulate the availability of empty orbitals on 
the ‘“‘cations” only, as long as the bonds only form 
The 


states of the anions are then of type A and/or B, 


between ‘“‘cations’” and ‘‘anions’’. valence 


and the bonding will lead to a filling of the s and p 
orbitals on the anions. Thus, in accordance with 


the concept of the “semiconducting bond”’,®: 4) 


‘ 
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semiconducting or insulating properties will 
result. If, however, resonating anion—anion bonds 
are formed, then states with empty orbitals have 
to be admixed to states A and B of the anions to 
an extent which depends on the strength of the 
anion—anion bonds.* Similarly, if in an elemental 
structure resonating bonds occur at all, states with 
empty orbitals have to be provided. In whatever 
way these empty orbitals are produced, they re- 
present a violation of the requirements of the semi- 
conducting bond and hence will affect the elec- 
trical properties. 

In the present paper we attribute any increase 
of the co-ordination numbers beyond the normal 
valences to the occurrence of pivotal resonance 
rather than to the formation of single bonds of the 
hybrid spd? type for the following reasons: 

(1) This treatment is in better agreement with 
the formulae and _ interatomic 
distances. 

(2) It can be applied to describe the bonding in 
all substances considered. ‘This is not true for non- 


stoichiometric 


resonating bonds. 

(3) The assumption of resonating bonds leads 
to a satisfactory interpretation of the anomalous 
electrical properties found in selenium, tellurium, 
BioSeg, and BisTes. 


With regard to the arbitrariness introduced by 
any particular choice of valence states, we observe 
that it is of no great importance to our treatment 
what the actual choice is, provided that it allows for 
the pivotal resonance to develop whenever the co- 
ordination numbers exceed the normal valences of 


the Group VB to VIIB atoms. 


3. THE GROUP VB ELEMENTS As, Sb and Bi 

The bond scheme of the Group VB elements, as 
well as the band structure to which this scheme 
leads, has been discussed previously by MooskR 
and Pearson.) While going more into details, the 


present discussion also forms the basis of our inter- 


* The stoichiometric formulae indicate that in all the 
compounds to be considered in the present paper the 
anions strive to complete their s and p orbitals through 
electron sharing. States involving empty d orbitals are 
therefore admixed to a very small extent only, as is sub- 
stantiated also by the the anion 
bonds. The corresponding anion—anion distances usually 


weakness of anion 


lie about half-way between the single bond diameters 
and the van der Waals’ diameters. 


pretation of selenium, tellurium, iodine, and of 
compounds of the types A»YB3Y!, AVBVICVI, 
and AVC3V!!, 

In the amorphous modifications of arsenic and 
antimony, which are both semiconductors, double 
layers of atoms are found, each atom being sur- 
rounded by three neighbours. The double layers 
form tiny flakes which are randomly arranged with 
respect to one another, thus causing the ‘‘amor- 
phous”’ nature of these substances (see KREBs ef 
al.©) and KREBs and SCHULTZE-GEBHARDT®)). The 
3-co-ordination of the atoms is characteristic of 
covalent bonds based on valence states of types A 
and B. Since through the sharing of electrons the 
octet on each atom is completed, this bonding 
leads to semiconducting properties. Amorphous 
arsenic and antimony are both semiconductors. 

On the basis of the valence states A and B, no 
resonating bonds can form. However, if states such 
as C, which involve a p-d hybridization, are ad- 
mixed to A and B, empty orbitals become avail- 
able for the valence electrons, and pivotal re- 
sonances can develop. Thus, the ordering of the 
double layers which takes place as the amorphous 
phases transform into the crystalline ones and 
which results in a drastic reduction of the second- 
nearest-neighbour distances (see Table 2) can be 
interpreted as the onset of resonances involving 
p-d hybridization. ‘The empty orbitals required for 
the formation of resonating bonds lead to metallic 
properties, in good agreement with experiment. 

When the bismuth the short- 
range order is completely changed,‘’’ each atom 


metal melts, 


acquiring 7-8 neighbours at an average distance of 
3-32 A. This change can readily be interpreted in 
terms of better developed resonances, extensive use 
being made of the empty d orbitals. As would be 
expected from better developed resonances, the 
resistivities of liquid bismuth and antimony are 
appreciably the solid 
phases.8-9) Thus we see that the valence-bond 


smaller than those of 
theory accounts rather well for the changes in 
electrical properties which accompany the struc- 
tural transformations, and it seems reasonable to 
use it as a guide in deriving a qualitative band 
scheme of the Group VB elements. 

The properties of the zmorphous phases of 
arsenic and antimony can be interpreted in terms of 
a normal semiconductor band structure. The 
valence band and the conduction band are formed 
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Table 2. 


\morphous 


ber of Interatomic 


Nun 


neighbours’ distance (A 


bonding and anti-bonding states arising 


4p and 5p sta 


1 ' 
Dand 


atomic 26 (900 €F. 


VW ill also 


4d and 


arrange 


[he conduction 


ing from the atomic 


~ 1 1 7 + 
5d states double layers of atoms 


themselves in the crystalline form, the conduction 


band and th lence band will not be affected very 


; ‘ 
much, since the immediate neighbourhood of each 


the orde1 However, 


Ing process 


short next-nearest-neighbour 


distances observed in the crystals, some of the d 


1 | 1 = ] ] 
orbitals ilence shell of each atom overlap 


als of its next-nearest neighbours 


with similar 


Ihe energy of the d states is therefore depressed, 
valence 


and some of them become available for the 
this 


electrons In the valence-bond treatment, 
admixture of valence 
1 and B. In the 


it means that the 


corresponds to the propose 


states oI type 


‘to states of types 
1 the other hand, 


band 


Tin 
t10n 


band picture, 
d states 

between the conduc 
actually overlaps with the latter, giving rise to the 


which bridges the gap 


and valence bands and 


metallic properties exhibited by the crystalline 
phases. In the liquid phases, the various bands are 
completely smeared out. 


The three-band model proposed here for the 


crystalline state is well supported by photoelectric 


Number of 


' 
neighbours 


Liquid 
van der Waals’ 
Number of | diameter (A) 


neighbours 


Interatomic 
distance (A) 


of 3-74A has erroneously been given for tellurium. 


measurements on arsenic and antimony made by 
Tarr and Apxer.“!:!*) From their experimental 
data, these authors conclude that the valence bands 
found in amorphous arsenic and antimony are not 
much affected by crystallization. “‘Between the 
edge of the occupied band of the semiconductor 
(amorphous phase) and the Fermi level, however, a 
relatively low but clearly discernable group of 
occupied energy levels appears on crystallization. 
It is this group, of course, which is responsible for 
behaviour of 


the characteristic poorly metallic 


these cry stals.”’ 


4. THE GROUP VIB ELEMENTS Se and Te 

Selenium and tellurium both crystallize in the 
same hexagonal structure in which the atoms form 
infinite spiral chains. Each atom has two nearest 
neighbours in its own chain and four more neigh- 
bours lying at a somewhat greater distance in the 
adjacent chains. Since the next-nearest-neighbour 
distances are much too short to be due to van der 
Waals’ bonds only (Table 2), the resulting dis- 
torted octahedral co-ordination must, according to 
our views, be based on a mixture of valence states 
A, B, and C. While states A and B account for the 
bonds between nearest neighbours, state C, con- 
for the bond 


taining empty orbitals, allows 
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resonances necessary to explain the short inter- 
chain distances.* 

In Group VB elements the formation of res- 
onating bonds gives rise to a band overlap and 
hence to metallic properties. From the above bond 
scheme, we expect a similar overlap to occur in 
hexagonal selenium and tellurium. However, these 
elements are usually considered to be semi- 
conductors, and we therefore have to look into the 
details of their band structures. Rertz"*) has cal- 
culated the band model corresponding to a single 
infinite chain of selenium or tellurium atoms, 
assuming to the first order of approximation the 
bond angles to be 90°. His results show a splitting 
of the p levels into three separate bands, the lowest 
of which contains the bonding states. The middle 
band arises from the non-bonding p orbitals, and 
the highest band 1s formed by anti-bonding states. 
The middle and upper bands constitute the valence 
and the conduction bands of a semiconductor, the 
first being completely filled with electrons and the 
latter empty. In addition to these bands, REITz 
finds a series of unoccupied d bands which he 
assumes either to overlap with or to lie above 
the conduction band. This model does not, how- 
ever, take into account interactions between neigh- 
bouring chains, which, according to the discussion 
given above, are appreciable. Rather than applying 
to the crystalline state, it describes the amorphous 
and liquid phases of selenium in which the same 
spiral chains occur as in the crystals. Here the 
chains are, however, arranged randomly with re- 
spect to inother, the interchain 


one average 


distance being 3-7 A,“5-16) i.e. considerably greater 


than the corresponding distance (3-46 A) observed 
in crystalline selenium. The interactions between 
neighbouring chains are therefore negligible here, 
and it is indeed well known that amorphous and 
liquid selenium are semiconductors, both having 
an activation energy of 2-3 eV. 

The valence-bond picture describes the pro- 
perties of amorphous and of liquid selenium 
equally well. Since the bigger separation between 
the chains and their random arrangement destroy 
all resonances, one is left with bonds based on 
valence states A and B which lead to a complete 


filling of the s and p orbitals and hence to semi- 


* The use of resonating bonds to explain the struc- 
tures of selenium and tellurium was first proposed by 
Von HIppE..'?) 


conducting properties. However, the valence-bond 
treatment goes one step further, since, as in the 
Group VB elements, the proposed p-d hybridiza- 
tion implies that some d states are depressed into 
the valence band when the chains rearrange them- 
selves in the crystalline state.* Taking account of 
experimental data as well, we are thus led to pro- 
pose the following three-band model for crystalline 
selenium and tellurium: 


(1) The valence and conduction bands corres- 
ponding to a single chain of atoms are also found 
in the crystals, the gap between them being 2°3 
eV in selenium and 0-35 eV in tellurium. 

(2) Some d states are depressed across the band 
gap and dip into the valence band, thus forming a 
third band of low state density which bridges the 
“forbidden” zone and empties some 10!3—1016 


cm? states of the valence band. 


Because of the low density of states which has to 
be assumed for the overlapping third band in order 
to comply with experimental results, this band 
scheme is very similar to that of a semiconductor 
containing 10!%-1016 cm=-3 acceptors. The main 
difference is that here the empty states in the 
valence band are an intrinsic property of the 
crystals. 

Some of the properties of selenium and tellur- 
ium have already been interpreted in terms of this 
band model.) In the present discussion we there- 
fore mainly include recent experimental results 
Kozyrev"18) has found in selenium a remarkable 
decrease in the concentration of holes with increas- 


ing temperature. This decrease, which is quite 


contrary to what one expects in a semiconductor, 
can, in our model, be explained by a weakening of 
the resonances due to enhanced thermal vibrations. 
At the melting point, the resonances are completely 
destroyed and, because of the resulting reduction 
of the charge-carrier concentration, a decrease of 
the conductivity is observed (see e.g. BORELIUS et 
al."9)). The magnetic-susceptibility measurements 
on solid and liquid selenium made by Buscu and 


* Recently GASPAR has proposed a band 
for selenium and tellurium 


1) GASPAR does, 


which is ver 
one given by REI!ITz.' however, allov 
interchain interactions and, in accordance with our vi 
he concludes that the close approach of the chains 
results in an overlap of some of the d orbitals on next- 
nearest neighbours and hence in a modification of the d 


bands. 
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conducting 
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»f selenium increases as one 


the 


phas¢ 
I 


hand, 


of its small energy gap. As 


liquid 


other behaves quite 


on account 


the exponential dependence on tempera- 


trical conductivity, electrons are 


he “‘forbidden”’ , which here is 


wide. Because of this excitation, more 
nt orbitals are formed in t 


he valence 
+] ] p | t 
the resonances Can Gevelop yetter as 


i il 


‘Tt ] 
:perature rises. This then explains why with 
increasing temperature the ratio c/a of the crystallo- 


graphic axes of tellurium decreases towards the 


7 ] 
Valle O} 


which corresponds to an ideal 


In selen- 


octahedral co-ordination of the atoms 


ium, the other hand, where the resonances 


on 


sau: | : 
away from this value as the 


ure is raised. 21) The fact that the melting 


tellurium (450°C) is higher than that of 


supports the assumption of 


he liquid 


third one int 


the second 
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reversal in the solid by assuming a temperature- 
dependent number of the 


number of thermally generated acceptors actually 


acceptors. However, 








FIG The charge-carrier concentrations intrinsic 


tellurium, as calculated from the band structure (Fig. 1) 


in 


found in tellurium 4) is much too small to account 

for such a reversal. Another interpretation, put 

forward by CALLEN,"°) is based on a wrong band 

structure (see e.g. the criticism by GaspaR"”)), 
To 


posed here accounts for the anomalous tempera- 


demonstrate that the band structure pro- 


ture-dependence, let us assume the density of 


states in both valence and conduction band 


to be 
that of free electrons (see Fig. 1). The density of 
states of the third overlapping band is chosen to 
be 10-4 
band ed 
eV, and 


graphical 


times smaller. If then the energies of the 
En 0-175 eV, Ep 0-15 
+0-15 eV (see Fig. 1), we find by 


ges 
En 


methods"*6) the charge-carrier concen- 


are 


— 


trations mj, m2, and p as given in Fig. 2. Next we 


make the usual assumption that the mobilities 
fin, and py of the electrons and holes in the con- 
duction and valence band, respectively, are pro- 


portional to 7/2, ‘The mobility jz», of the electrons 
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in the third band, however, is taken to be pro- 
portional to 7-1, since the electrons in this band 


are strongly degenerate. If then at 7 = 300°K 


Ln, > Uns : Lp 1:3 ° 1 : 1-05, 
we find from 
—NpLn,2—N2p1n." + ppp” 


€* (M1 pn, +N2n, +Pip)” 


the values of the Hall coefficient R as given in Fig. 
3. The result shows that our model does readily 
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Calculated dependence on temperature of the 
Hall coefficient of tellurium. 


Fic. 3. 


account for the observed double reversal. The 
absolute values of R as calculated from the above 
assumptions do, however, differ appreciably from 
the experimental values, and while state densities 
and mobilities could readily be adjusted to give 
better agreement with experiment, such adjust- 
ments would be rather arbitrary with our present 
knowledge of tellurium. 

On melting, the interchain bonds are broken, 
and the overlapping band 1s shifted towards higher 
energies. Since, according to our model, the con- 
duction and the valence bands are essentially those 


arising from non-interacting chains and since, 
according to Fig. 2, mj) <n p at the melting 
point, fusion should not affect the number of free 
charge carriers. However, in tellurium the differ- 
ence between the strengths of intrachain and inter- 
chain bonds is considerably smaller than in selen- 
ium. As soon as the interchain bonds start to break 
up, some of the intrachain bonds will break also 
This leads to a change of the short-range order ‘16 
and hence to a change of the charge-carrier con- 
centrations as the temperature of the melt is in- 
creased. New resonances of the type observed in 
liquid bismuth develop, and the behaviour of the 
melt becomes more and more metallic.’ While 
the positive Hall constant found near the melting 
point22) is still characteristic for non-interacting 
chains (liquid selenium also shows p-type con- 
duction), the sign reversal at higher temperatures 
clearly indicates metallic properties. 

The interpretation of the sign reversals given 
here is very qualitative. Nevertheless, it shows that 
our model is compatible with the unusual be- 
haviour of tellurium. 


5. THE GROUP VIIB ELEMENT I 
Strong support for our views comes from the 
nuclear quadruple coupling found in solid iodine. 
The structure of 
diatomic molecules. The distance between the two 


iodine consists of layers of 
atoms of a molecule is 2°70 A, and the shortest 
distance between two molecules of the same layer 
is 3-54 A, indicating that the intermolecular bonds 
in a layer are stronger than van der Waals’ bonds. 
According to our model, we would suggest that 
states involving p-—d hybridization are admixed to 
states of types A and B. ROBINSON ef al.'°8) have, 
indeed, proposed that 5s25p*5d states must be ad- 
mixed to the ground state 5s*5p° to explain the 
quadrupole coupling observed in solid iodine, and 
their findings have since been confirmed by ITox 
and KAMBE. ROBINSON et al.8) actually speak 


of a superposition of localized (intramolecular) and 


(29) 


non-localized (intermolecular) bonds, thus indicat- 
ing that in iodine, also, there exists a finite, if only 
very small, number of intrinsically free charge 
carriers. 

6. COMPOUNDS OF THE TYPE A.YB,V! 
(a) Phases with the C33 


J3 structure 
Compounds of the type 42’ B3‘', and especially 
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antimony and bismuth, and a band scheme of the 


those crystallizing in the rhombohedral C33 type 

proposed type is, indeed, indicated. 

interest because of Consideration of the bond lengths in BisSeg and 
\s a result, a number of papers on their BiyTes* suggests that the actual bonding in these 
ies have been published.“°-87) Unfortun- materials is mainly due to a mixture of the follow- 


etations of the experimental results 


of struct have in recent years become of great 


f their thermoelectric applica- 


the interp1 ing valence structures:7 
are somewhat confusing, partly because of the 
difficulties in preparing good samples and partly 


of the anomalous behaviour of these sub- 


beca ist 
However, the following facts are at pre- 
hich ad - 


Teg and BioTes grown from a 
tric composition are always p- 
Under » same conditions, 


3 Show 7-type conduction 


les the number of free charge 


constant to well above room 


1 


far greater than would be ex- 
npurity content of the initial 


he sample S were m ide 


results from various sources 


agreement of the number of od? hybrids 


(see Table 3 
does not p 


’ 
the number 


ll these results compatible with a 
lar to that proposed for selenium 
) of anormal semi- The bonds between the Se(Te) atoms of the central 
inter- Sheet and their six Bi neighbours make use of the 
somewhat arbitrary €mpty orbitals on Bi to resonate among six posi- 
therefore worthwhile tions, and their bond number should therefore be 

This value is in fair agreement with the bond 


number ()-23 (0-28) as calculated from the Pauling 
‘] remaining discrepancy, 1s 


Lit r€ s 


covalent radii I 
up probably due to the fact that the radii of bonds 1n- 
ttomic Volving d orbitals of the valence shell are longer 

than the normal single bond radii (see e.g. PAUL- 
ING5)). A similar discrepancy is found for the 
distances between the boundary Se(Te) atoms and 


the Bi atoms. Here a bond number of 3 would be 


while the value 0-32 (0-41) is calculated. 


lightly distorted 


atoms (Se, Te) 
laver. however, ¢Xpected, 
In BioTesS the observed length of the Bi-S 


st A neighbours (Sb, Bi) in the 
‘ ‘ 1; nre rrecnor - e l , 
laver and three next-nearest B distance corresponds very nearly to } bonds (bond 
somewhat greater distance in the ao of 
. ae : ; [he atomic positions in Sb,Te, are not known 
laver. The co-ordination of the eres 
° accurate! 
, 
+ re r \ ° S] 1 e » Lrm ] 
therefore, very similar to the t The same pictorial representation is used here as in 


the atoms in crystalline arsenic, an earlier paper 


co-ordination oO 
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Ta 


Sign of Concen 
charge 


Carriers 


Sb,Tes 
Bi,Ses 
Bi,'Te, 1019 | 1-4x«10!9 


HARM: 
3LACK 


A. VLASsOvA and STILBANS(?°) 
B. SHIGETOMI and Mort!) 
c. 


KoNnNorov'*?; 


number 0-15) and indicates a transfer of one elec- 
tron from the Bi atoms to each 5 atom, which, be- 
cause of the high electronegativity of sulphur, is to 
be expected. Such a charge transfer results in an 
electrostatic repulsion between neighbouring 
multiple layers, and indeed the Te—Te distance in 
Big'Te2S is 3-69 A as compared to 3-57 A in BigTeg. 

Structure I above corresponds to no covalent 
bonding between neighbouring multiple layers and, 
according to the concept of the semiconducting 
bond, leads to semiconducting properties. From 
optical and electrical measurements, we indeed 
know that two separate bands exist in these com- 
pounds, the gap between them being 0-3 eV in 
Sbo Tes, 0:35 eV in BioSeg, and 0:16 eV in Bio Tes. 
However, as indicated by the distance 3-30 (3-57) 
between the boundary Se(‘Te) atoms of neighbour- 
ing multiple layers, the bonding between these 
layers is stronger than would be expected from van 
der Waals’ forces only. Thus our bond scheme pro- 
vides for some covalent interlayer bonding by 
structure II. The promotion of one of the p elec- 
trons into a d orbital allows additional bonds to 
form between the layers and at the same time points 
to an overlap of some d states with the valence 
band. 

SATTERTHWAITE and URE®?) have recently mea- 
sured the electrical properties of Big'Te3 samples 
grown from a melt containing excess tellurium. 
Their results show that the number of free holes 
1 increasing excess of tellurium 


T 
I 


decreases with a 
until finally n-type conduction is observed. In 
their interpretation of these SATTER- 
THWAITE and URE assume that the maximum of the 
liquidus curve is displaced somewhat towards the 


results, 


bismuth-rich side of the phase diagram, so that in 
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ble 3. 


tration of charge carriers (cm~*) 


10/9 


1019 


F. 
G. 


LAGRENAUDIE(?® 
SATTERTHWAITE and UR! 


AN et al.'#4) 
et al,(%°) 


fact all samples grown from a stoichiometric melt 
are bismuth-rich. However, this interpretation can 
account for the double reversal of the sign of the 
Hall coefficient observed in n-type samples only if 
a rather unlikely dependence on temperature of the 
charge-carrier mobilities is assumed. If, on the 
other hand, we consider a band model similar to 
the one used in interpreting tellurium, we first 
note that the reduction of the number of holes can 


very well be explained as a “‘compensation”’ of the 











charge-carrier concentrations in intrinsic 


l. 


Fic. 4. The 


3i,T'e,; as calculated from the band structure in Fig 
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sic holes in the valence band by the addi- The n-type conduction found in BigSeg requires 


intrin 
tional donor electrons. Moreover, assuming the a higher mobility of the electrons in the d band. 
lensitv of states in both conduction and valence ‘This is not astonishing in view of the Se—Se 


u 


bands to be that of free electrons and, taking a value 





40 times smaller for the state density of the over- 

lapping band (see Fig. 1), we find, with En, 
0-125 eV, E, 0-1 eV, and E£, +0-1 eV, 

charge-carrier concentrations given in Figs. 4 


5 for intrinsic BioTeg and for BigTeg contain- 





2 « 1018 cem=-3 donors (excess tellurium atoms). 


' apna 
then the same dependences of the mobilities on 





: cm3 
HALL COEFFICIENT | cenont 





CONCENTRATI 





« 
ms 
« 
< 


Fic. 6. Calculated dependence on temperature of the 
Hall coefficient in (a) intrinsic Bi,Te, (dashed line), 
(6) Bi,Te, containing 2 *10'* cm~* donors (full line). 


CHARGE 


distance of 3-30 A in this substance, which is con- 
siderably smaller than the next-nearest-neighbour 
distance of 3-46 A in elemental selenium. The 





corresponding distance in BigT eg is 3-57, i.e. ap- 

preciably greater than the next-nearest-neighbour 
_concentrations in Bi,Tes distance of 3-46 A in tellurium. This may also be 
— the reason why BigSeg has a more metallic be- 
haviour than BioTe3 


1 | 
used as in the case of telluriun ate aan 
ed as in the case ellurium, Che infrared transmission measurements on 


BigSeg and BigTe3 made by BLACK et al.,°) which 


, ()-6 - show a very low transmission even in the long- 
“Pp - 2 . . . . 
wavelength region and which therefore call for a 


R(T) curves given in Fig. 6. high concentration of free charge carriers, give 
model not only accounts for further support to our model. 

.oles in intrinsic samples, but The high resistivity and true semiconductor be- 
the anomalous behaviour of haviour of amorphous AsgSeg reported by 


) 


nt in n-type samples. Obviously, GorruNovA and KoLomiets®®) are exactly what 
versals of the thermoelectric power we would expect from our model (if AsgSeg has 


Konorov'?) in an n-type sample of indeed a C35 type of structure in the crystalline 


can be explained along the same lines. form"®)), since the interlayer resonances are 
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destroyed in the amorphous modification (cf. 
arsenic and antimony). 


(b) Phases with D5g structure 

The compounds SbeS3, SbeSe3, and BigSs, 
which all crystallize in the D5g structure, have not 
so far been investigated to any great extent. The 
few data available do, however, indicate a rather 
different behaviour as compared to that of the C33 
phases. Along with a series of ternary and quatern- 
ary compounds, GORIUNOVA and Ko.Lomiets®9:4!) 
and GoriuNova et al.“42) have measured the re- 
sistivities and thermal and optical activation 
energies of SboS3, SboSes, and BigS3. Their mea- 
surements were carried out on polycrystalline 
samples of rather low purity, and hence their re- 
sults show an appreciable scatter. The room- 
temperature resistivities and the activation energies 
are listed in Table 4, together with similar data 
given by BLack et al.) In spite of the appreciable 
discrepancies between the various results, it is 
clear that the D5g phases have considerably higher 
activation energies and resistivities than the C33 


O Sb 


Os 


Fic. 7. Projection of the crystal structure of Sb,Se, along 
the chains (Sb,Se¢)n 


chains of composition (A4B¢)n. The chains run 
parallel to the c-axis, and their projection on the 
(001) plane is represented in Fig. 7 for the case of 


Table 4. 


A 


AE ot | AE therm p 


AE ont 
(eV) 


(eV) (eV) (Qcem) 


1-20 1°22 4x 10! 5 6 


A. GORIUNOVA and 
B. GorruNova and KoLomiets' 


phases.* Moreover, the transmission in the infra- 
red, as reported by BLack et al.,°) is fairly high, 
indicating a small number of free charge carriers, 
and we conclude that these compounds, unlike the 
C33 phases, are true semiconductors. 

This conclusion is supported by the structural 
features of the D5g phases. In the orthorhombic 
D5g structure, the atoms are held together by 
essentially covalent bonds in such a way as to form 


* The low resistivity of Bi,S, reported by BLACK et 
al, (5) 


for this material, but as being due rather to inhomo- 


is considered by these authors as not representative 


geneities in the composition. 


({2cm) 


KOLOMIETsS'??) 


9 


10! 


D 


AE nem | 
(eV) (Qem) 


AE un rm Pp 
(eV) ({2cm) 


AEB opt 
(eV) 


AE ont 
(eV) 


108 
10° 
10-* 


0-9 10°10? 

1-4 
0°55 (1) 
C. GorRIUNOVA et al.) 
D. Biack et al.' 


SboSeg. The bond lengths within one chain vary 
from 2:58 to 3:22 A, and the bond angles lie 
between 86° and 99°. Nevertheless, it is readily 
recognizable that the chains are distorted sections 
cut out of an NaCl type of structure. This re- 
semblance to the NaCl structure, as well as a dis- 
cussion of the bond numbers (see 'TIDESWELL ef 
al.'43)), indicates the presence in this structure of 
resonating p bonds. The empty orbitals required 
for the resonances are provided by a partial elec- 
tron transfer from the cations (Sb, Bi) to the anions 
(S, Se) and/or by a hybridization of p and d 
orbitals on the cations. 
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and 


Che the atoms of 


neighbouring chains (dashed lines in Fig. 7) are 


distances between some of 


short enough to suggest the presence between 
hese atoms of weak resonating bonds. Thus the 

3-26 A, 
0-08. For 
these values 


3-74 A, b 


between Sb, and Se is 7 


.\ding to a bond number of } 
] . ] 
me and Sb,—Se bonds, 


3-46 ® h 0-03, and } 


espect 
nlike the interlayer bonds in the C33 structure, 


rchain bonds here between anions 


Cheir 


1 , 1 
if | , r > 
Ditais on the 


OCCU! 
her > 
therefore, 


and the 


presence does not, 


inions, con- 
bond are still ful- 
noted that the 


(dotted line) is 


semiconducting 


than the next- 
tappt ars, 

lue to any direct 
weak Sb-—Se 


nains 


shbouring 


7. COMPOUNDS OF THE TYPE AYBVY'CY!! 


t nad ¢ 
is round th 


, 1) . 
the Wiowing nine 


ne ortho- 


ructure 


1 
togetner 


1 
oT AlONL 
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by resonating bonds, and weak anion—cation bonds 
are formed between neighbouring chains (dashed 
line in Fig. 8). The anion—anion distances between 
neighbouring chains are too long to be due to any 
direct bonding, and we therefore predict that all 
these substances should show semiconducting 
properties similar to those found in the D5g 


phases 


8. COMPOUNDS OF THE TYPE AYC,V!! 
Finally, mention should be made of the DO; 
type of phases AsIs, SbIs, and Bils. Multiple 
layers of atoms are formed in these materials, each 
layer being built up of three sheets in the sequence 
C-—A-C 


result in a 


The stacking of the layers is such as to 
hexagonal close- 
A atoms (As, Sb, 


Bi) fill up one-third of the octahedral holes in this 


slightly distorted 


packing of the C(I) atoms. The 
close-packed array, thus acquiring a distorted 


and resonances in- 


the A 
develop. The expected bond number for the A—C 
_and in Bils a value of 0:41s found. This 


discrepancy can be attributed to an abnormally 


octahedral neighbourhood, 


volving the empty d orbitals on atoms 


bonds is 


long bond radius of bismuth caused by the parti- 
cipation of 6d orbitals in the bonding. Thus, an in- 
crease of the bismuth bond radius from its normal 
value of 1-52 to 1-58 A produces bond numbers of 
3195e3, Bio’ Tes, and Bils, 


respectively, which are in good 


0-29, 0-35, and 0-51 in 
agreement with the 


1 , , 
expected values of y, and 


The distances between the boundary atoms of 


neighbouring multiple layers are much too long to 


] j 
lead to 


any anion—anion bonding such as is ob- 
served in the C33 phases. In AsIg and Bils* they 
are 4-09 and 4-10 A, respecti\ ely, i.e they corres- 
pond quite well to the van der Waals’ diameter of 


(4-06-4-46 A). We therefore conclude that 
the D0; phases are true semiconductors, and this 


10 line 
conclusion is supported by the high resistivities 
found by Fiscuer"®) for Sblg and Bilg in a series 


of preliminary measurements 


9. CONCLUSION 
Our discussion demonstrates how the valence- 
bond theory as applied to the Group VB to VIIB 
elements and to compounds formed between them 


leads to a consistent description of their structural 


* The inte distances in SbI, are not known 


lx 


ratomi 


accurate 
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features as well as of their electrical properties. 
While it is often difficult in a particular substance 
to decide what the actual bonding is, especially if 
d orbitals are involved, the consistency of our 
model nevertheless strongly supports our initial 
assumption of resonating bonds of the p? and 
p?d® type. 
We realize, 
selenium, tellurium, and the C33 phases which 
evolve from our bond considerations and which, 
by a somewhat 


of course, that the band models for 


admittedly, have been reached 


intuitive reasoning are in conflict with the semi- 


conductor model normally used in describing 


these materials. We wish, however, to emphasize 
that no deductions drawn from our proposed model 
are contradicted by such experimental data as are 
available at present. In fact, many of the arbitrary 
assumptions which previously had been made to 


adjust the normal semiconductor model to the 


needs of these substances are relieved by our 


model. 
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Abstract—The 


magnetic neid 


the IPMO effect 
1 


depending on whether the impurity 


low-field case, 


eived 31 December 1957; 


revised 25 February 1958) 


mpurity photo-ionization magneto-optic (IPMO) effect is the effect of an external 
ld on the optical photo-ionization spectrum of impurities in semiconductors. A theory of 
has been developed for simple semiconductors. Two cases can be distinguished, 
ionization energy for zero field is larger or smaller than $/i we 

the photo-ionization spectrum consists of a series of rather strong 


nsitions from bound levels to the various magnetic sub-bands of the 


ase, the photo-ionization spectrum consists of one, or at most two, 


is such that only the lowest bound level is appreciably occupied. 


presented of the high-field absorption spectrum for donor impurities in 
tions similar to those of YAFET, Keyes and ADAMS 


1. INTRODUCTION 
CONSIDERABLE effort has been devoted recently to 
the study of optical absorption by electrons and 


holes in semiconductors in external magnetic 


the transitions involve energy levels of a 


single the optical absorption is known as 


cyclotron resonance.) If transitions occur between 


energy levels of different bands, the absorption is 


known as the interband magneto-optic (IMO) 


the IMO 


effect.) Both cyclotron resonance and 
direct information concerning the 


emtect prov ide¢ 


eft ctive mass pal 


band or bands in- 


meters of the 


d. Th 


pre se int 
preci ni 


| 
volve e IMO effect in addition gives rather 


rmation about the energy gap between 
} ; ] 
ts dependence on magnetic field 


effect in semi- 


ransitions of an 


optical 
presence of a magnetic field 
vel either to an excited 
The first 

for impurity 

illed the impurity 

I } (IPMO) effect. 
1 the details of the spectrum for the IPMO 


effect, one may expect to obtain information con- 


cerning both the effective mass parameters of the 
band with which the impurity levels are associated 
and the magnetic field-dependence of the ioniza- 
tion energy of the impurities. 

In the present paper a theory is developed for the 
IPMO effect when the impurity states are associ- 
ated with a parabolic band having its extremum at 
k 0 and which is non-degenerate in the absence 
of spin. Attention is also given to the impurity 
Zeeman effect for the case of large magnetic fields. 


2. GENERAL FORMULATION 
We consider a semiconductor which contains 
impurities and which is located in a constant ex- 
field. The 


charge carrier can be written as 


ternal magnetic Hamiltonian for a 


! e \2 
W {p+—Ao) +V,(r)+Vi(r)+Ho-e (1) 
2m ( 


where Ao is the vector potential for the external 
magnetic field Ho, V,(r) is the periodic potential 
of the lattice, V;(r) is the impurity potential, o is 
the Pauli spin operator, and yp is the Bohr mag- 
We shall our attention to those 


neton. restrict 
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materials in which the impurity levels are associ- 
ated with a parabolic band having its extremum at 
k = 0 and which is non-degenerate in the absence 
of spin. If the effective mass treatment of 
LUTTINGER and KoHN®) is applied to the Hamil- 
tonian under the restrictions just mentioned, one 
finds that the effective mass equation can be written 
in the form: 


1 e : 
- (p+ Ao} + V(r) t pHo(1—K) F(r) 
2m* c 


(2) 


where m* is the effective mass and K is an anti- 
symmetric constant of the type discussed by 
KjeLpaas and Koun.“) The inclusion of spin leads 
only to a shift in the energy by a constant amount 
which may be plus or minus, depending on the 
spin orientation. Since we shall be concerned only 
with electric dipole transitions which do not affect 
the spin, the inclusion of spin does not lead to any 
observable effects on the absorption spectrum. 
Accordingly, spin terms will be neglected. 

It is convenient to choose the external magnetic 
field in the z-direction with the vector potential 
specified by 


Ao > (—3yVHbo, 3xHo, 0). 


The impurity potential is chosen to have the 
Coulomb form 


(4) 


where D is the dielectric constant. 
Using equations (3) and (4) and neglecting spin 
terms, the effective mass equation can be written as 


c 


. ~-s Fifty £F(@) (5) 


+2" 4—2 
CO 
where p, ¢, 2 are cylindrical co-ordinates, energy is 
measured in units of the effective Rydberg 
Ry* m* e4/2h2D2, length in units of the effective 
Bohr radius ap* = Dh?/m*e?, y = thw-/Ry* and 
we = eHo/m*c. Equation (5) appears to be quite 
difficult to solve exactly. In discussing approximate 
solutions to equation (5), it is convenient to dis- 
tinguish between the cases y < 1 and y > 1. These 
cases will be referred to as the low-field and high- 
field cases, respectively, and are characterized by 


the impurity ionization energy for zero magnetic 
field, £7, being greater or less than shw,. Our dis- 
cussion of the low-field case will not, however, 
include values of y so small that the term y?p2/4 in 
equation (5) can be completely neglected 


3. LOW-FIELD CASE 
For y < 1 the forces exerted by the magnetic 
field on the charge carrier are small compared to 
those exerted by the impurity atom, provided that 
the carrier is reasonably close to the impurity. For 
the ground state and the lower excited states, the 
carrier is localized near the impurity, so that for 
these states with y - 
mation neglect the terms involving y in equation 
(5). The effective mass functions F(r) can then be 
taken to be hydrogen atom wave functions. It turns 
out to facilitate the mathematical development, 
however, if the ground-state effective mass func- 


1 one may as a first approxi- 


tion is chosen to be 


F,(r) = Ng exp(—fr?) (6) 


rather than the 1s hydrogen atom function 
(77)-#e-". In equation (6), N, is a normalization 
constant and f is a variational parameter. The 
ground-state ionization energy, £7, for zero mag- 
netic field may be evaluated by using equations (5) 
and (6) with y = 0. The best value of £; is found 
to be 0-849 Ry* with B = 0-283 (ao*)-?. 

For the continuum states, the charge carrier 
spends very little time near the impurity atom, so 
that the forces due to the magnetic field may be 
expected to be large on the average compared to 
the forces due to the impurity atom. We shall ac- 
cordingly neglect the effect of the impurity atom 
on the continuum states in both the low-field and 
high-field cases. This amounts to using the Born 
approximation for continuum states. 

The solutions to equation (5) with the 2/r term 
omitted have been discussed by DINGLE®) and 
may be written as 


m 


coetMo giimie—20L (c) exp(tkzz) (7) 


m 


F.(r) 
with 
Co? = (y/2aLz)l!/[(1+|m|)!}. 7a) 


In equations (7), o = yp?/2, L;.,,,;(a) 1s the 


associated Laguerre polynomial, kz and Lz are the 
propagation constant and dimension of the sample 
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parallel to the magnetic field, m is the quantum 
number for orbital angular momentum about the 
magnetic field and may take any integral value, and 
lis a positive integer or zero. If periodic boundary 
conditions are employed in the z-direction, the 
permitted values of kz , where nz is an 
The 
: 


leve iS are given by 


integer corresponding continuum energy 


(21+-m+|m|+1)+k-. (3) 


diagram is given in Fig. 1. For 





m, the continuum energies form a 
b-band” or ‘‘Landau level’’. The 
tion of adjacent sub-bands is equal to 2y. In 
general excited discrete impurity levels will exist, 
but these are omitted from Fig. 1 for simplicity 
The alculations of optical absorption coeffi- 
ye given in the present paper are based on 
the semiclassical radiation theory generalized to 
include a constant external magnetic field.“ Since 
the Bohr radii of the discrete impurity levels are 
small compared to the wavelength of the light ab- 
sorbed, we have employed the dipole approxima- 
tion in the calculations. 
In the absence of broadening, the optical ab- 


sorption coefficient associated with transitions from 


and 
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an initial state 7 to various final states 7 can be 
written as 
R(v) 


xm 


87r3(n/Dhc)N, & (E;—E;)|O|? x 


x 6(F,—E;+hv) (9) 
where n and D are respectively the refractive index 
and dielectric constant of the material, N; is the 
concentration of impurity atoms in the initial 
state, v is the frequency of the radiation, and £; 
and E£, are the energies of initial and final states, 
respectively. For plane polarized radiation, the 


quantity |Q|? is to be taken as |M,|*, where 


(9a) 


(r)uF (rr) dr, 


M,=e|F 


u is the co-ordinate in the direction of the electric 
vector of the radiation, and F;(r) and F;(r) are the 
effective mass functions for the initial and final 
states. For circularly polarized radiation pro- 
pagating in the direction of the magnetic field 
i.e. with the Poynting vector S parallel to Hp—the 
quantity |O|? is to be taken as 3|M,—1M,/? and 
1)/M,+iM,/2 for right and left circularly polarized 
light, respectively. We are using the convention for 
circularly polarized light given by BorNn™ and 
have chosen the magnetic field in the z-direction. 
It should be noted that the various quantities 
entering into equation (9) are in ordinary units, not 
in units of the effective Rydberg and effective Bohr 
radius 

Collision broadening can be incorporated into 
the theory by replacing the factor 6(£;—E;+hv) 
in equation (9) by (1/h)- (vj, v) where the Lorentz 


shape function -“(1 v) is given by 


Ai 
(10) 
71 (v;,—v)?+(Av)? 
where /v;; E;—E; and Av is the half-width. 
the low-field case the optical absorption 
from the 


For 
coefficient associated with transitions 
ground state to the various magnetic sub-bands of 
the continuum has been calculated for circularly 
polarized light with S || Ho. Using equations (6), 
(7), and (9a), the matrix elements MM, and M, were 
evaluated with the aid of the following expression 


for the associated Laguerre polynomials: 
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l 
(—1)FT(R+/41) > (—1)! 0°) x 
p 


ee 
p=0 ( 


1) 
x o!-P/(l—p)!. 

One finds that the only allowed transitions 

between ground and continuum states are to con- 

tinuum states with m 1 and m +1 for 

right and left circularly polarized light, respectively. 

The results for |Q|? were substituted into equation 

(9) modified to include collision broadening. The 

energy difference £;—E; was taken to be 
hore[l+3(m+|m| +1)]+(h2k2/2m*)+ Ey. 

The sum over j is equivalent to sums over the 

quantum numbers kz, /, m. After replacing the sum 

over k, by an integral, the absorption coefficient in 

ordinary units for right circularly polarized light 

was found to be 

8(n/D)aNo(B/s*)(2/1+.«?)! > (I+ 1) x 

x [(1 —e?)/(1 +e?) ?! x 
x [47g(I) [Ki(, 0)-+Ki(o, 2)] 


R(o) 


(12) 


where « is the fine structure constant, w is the cir- 
cular frequency, 


(eHo/hc), «2 = 4B/s, o(1) = m*Egi/h?8 


and 


Eg = hw (l+4) + Ey. 


The quantities K,(w, p) are given by 


Ki(o, p) =a | x[(x2—b)2-+ a2] l exp[—g(/)x?] dx 


. (12a) 


where b = (hw/E,,)—1, a = hAw/E, and Aw 
27Av. The integrals K,(w, p) can be related“) to 
certain tabulated integrals which appear in the 
theory of Doppler broadened spectral lines. ‘The 
absorption coefficient for left circularly polarized 
light can be obtained from equation (12) by re- 
placing / by /+1 in the quantities g(/), K,(, 0), 
and K,(w, 2). 

The photo-ionization absorption coefficient for 
right circularly polarized light has been calculated, 
using equation (12) with y = 0-125, a = 0-02, 
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B = 0:283(ao*)-?, Ey; = 0-849 Ry*, and treating 
the constant factor 8(n/D)xNo(8/s?)(2/1+ «2)4 as 
arbitrary. The results are plotted in Fig. 2. The 


zero-field curve was computed by using the 


\ 
“ 


/ 
it~ 
y 


/ 

hi /E, 

Fic. 2. Photo-ionization absorption spectrum for the 

low-field case. The radiation is right circularly polarized 

with the Poynting vector S parallel to the external mag- 
netic field Hy. 


ground-state effective mass function F/(r) given 
by equation (6), but using plane waves for F,(r) 
given by 


F(r) = (LzLyLz)~* exp t(kex+hyy+hz2). 


In general the absorption spectrum should include 
a series of discrete lines corresponding to transi- 
tions to excited bound states. Within the frame- 
work of the present theory, these discrete lines 
would exhibit the familiar Zeeman effect for 
hydrogen-like atoms and are therefore omitted. 
The series of absorption peaks is the most strik- 
ing feature of the photo-ionization spectrum in- 
troduced by an external magnetic field in the low- 
field case. The peaks arise because the density or 
states is infinite at the minimum of each magnetic 
sub-band in the absence of broadening. ‘The 
spacing between adjacent peaks predicted by the 
present theory is fw-, so that an estimate of the 
effective mass can be derived from the observed 
spacing. If the influence of the impurity potential 
on the continuum wave functions were included in 
the theory, the predicted spacing of the absorption 
peaks might not be constant with the value Awe. 
The deviations should be especially prominent in 
the spacing of the peaks nearest the threshold and 
should provide a measure of the effect of the im- 
purity potential on the continuum states. The im- 
purity potential may also affect the relative in- 
tensities of the peaks. Comparison with the zero- 
field case‘) indicates that the peaks near threshold 
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a 


R. 


may be enhanced relative to those at higher fre- 
quencies 

Another of 
photo-ionization spectrum is the sharp rise 
t beyond the threshold. This rise is 


noteworthy feature the low-field 
in 
absorption just 
more abrupt than that for the zero-field case. From 
the frequency at which the rise occurs, one can de- 
rather precisely the dependence of the im- 


termin¢ 
mization energy on magnetic field and, by 


tw 1 


trapolation, the ionization energy at zero field.* 
Che photo-ionization spectrum for left circularly 
‘ized light is similar to that for right, except 


polar 
that the first peak, starting from the low-frequency 
side, is missing 

A calculation has also been made of the photo- 
1onization spectrum in the region for 
plane polarized light with E || Ho. Transitions from 
the ground state are permitted only to magnetic 
sub-bands with m = 0. The IPMO effect is less 
striking for this case than for E | Ho. Instead of a 
Hp consists of 


low-field 


series of peaks, the spectrum for E 
a series of ripples superposed on a smooth curve 
to the Ho The peaks are 


washed out because the square of the appropriate 


similar 0 spectrum 
matrix element introduces into the absorption 


coefficient a factor k,* which compensates for the 


Po(z) 


(€“) 
P;(z) 


5 


Po{ =) 


infinite state density at k- 0). It should be noted, 


however, that the conclusion just mentioned may 


be modified if the effect of a coulomb impurity 
potential on the continuum states is included in the 
theory 


4. HIGH-FIELD CASE ( 1) 


(a) Wave Functions and Energies 


dinger equation is not separable, 
approximation must be used to 
2 for is due 
The 


yroaden- 


rption in Fig (hw) E;,) 1 
assumed when H, 


is not corrected for coll 


adening 0 
} 


mt 
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obtain the wave functions and energy levels. For 
the continuum states, the free-electron functions 


I 


Dim(o, p) (14) 
\ 


~ 


Fime(s, ?; 2) exp(7kz2) 


will be used, where o = yp?/2 and ®,,, is displayed 
in equation (7). This is equivalent to the Born ap- 


proximation. For the bound states, we will adopt 
variational functions of the form 


o2 
“a” 


), (15) 


where P,(z) represents a set of suitably chosen 


Fim \( 0, d, 2) Din(o, )P)(z) exp( a 4 ye“ 


orthogonal polynomials, and the variational para- 
meter «¢ is set independently for the different states 
(lmd). 

A justification for the use of functions similar to 
those defined by equation (15) in the high-field 
limit has been given by YareT et al., who 
adopted a function with two variational para- 
meters, one of them corresponding to a replace- 
ment of o by «,20 in ©®,,,. The result of their cal- 
culations for the ground state (000) indicates that, 
for y > 10, the value e, 1 is very good. We have 
therefore adopted this value from the start. ‘The 
first few polynomials P)(z) have the form 


(16a) 


(16b) 


y 1 9 9 2 
(3e94+ 2ere92+ 34)! 


Fic. 3. Binding energy as a function of y for the high- 
field case. The various states are labeled by the quantum 
numbers (/mA). The curve for (002) is estimated except 


aw 
at y JO. 
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In P(z) the symbol eo represents the value of « ob- presents a relationship between y and e. The results 
tained for the state with the same / and m values, obtained for the levels which have been investigated 
but with A = 0. are shown in the following formulas and the depen- 

The resultof the variationalcalculationineachcase dence of the binding energy on y is shown in Fig. 3. 





(1) (md) (000): 


(ii) (/mA) = (001): 


(111) (/mA) = (010): 


(iv) (/mA) = (011): 


€7(4+ 13€2 —2e4) 
y| t+ 
4(4+«?) 


e(4+e?) [ 2(2+13e?) 





(v) (/mX) = (100): 
e2(1 —e?)(4—4e?+ 34) 
2(4+-4e2+7e*) 
2e(4+- 4e2+ 34) /2y 
heb det N x 
lay 4442474 6452+ 4e4 
2 — E <)-| ‘i + 24/1 6 
‘“ 2 2e(1 —e?)' 2] 41424 7¢4 
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(vi) (/mA) = (110): 


ls— 


e-(16—104e°+ 54¢ aoa 
4(16+ 2462+ 54e4+ 11e®) 


8e(4+ 4e2+7e4) | Zy 


/ 


164+ 24e2+54e441166V 7 


-2~1—e 


164+ 2462+ 54e4+4-11<6 | 28+-2462+-53¢4 | 
= Y 


€)— 
| 16+24e?+ 54e4+ 116 


Se(1 —e*)9/* 


(vii) (4mA) = (101): 


3 soem) 4e(44+4244) /2y 
~ 2(12-4- 1624 7e4) 124+-16e2+74V az 


€(12+ 16€2+-7¢ | 44 502+ 4344 8¢6 


—+24 1-2-0] 
2(1—e?)9/2 3€2(12+ 1662+ 7e4) 


(viii) (JmA) = (020): 
] e7(1 —e*)(8 —8e2+- 34 16¢« [2y 
E=y|1+-«2 — — — J 
4 2(8+ 8e2—4) 84+82—4V x 


8+ 8e2—-. 


on | 14+e° ' 
— | | ) - 21 =e]. 
4e(1—e*)?/?| 8+ 8e2—e«4 


In the above expressions, 


1+-Vi—e 
SF (e)—I1n ; ; 
1—V1l—e 


For A = 2, the situation is mathematically more carried out for the single value y = 35. The 
complicated. In these cases, rather than an formulas below give the energy in terms of y and 
analytical variation, a numerical evaluation was _ the e« parameters 


(O02): 


j 
| j 


—e-)*g*+ €-(1 —e*) «4 he 
: K ra" (1 q+ l, : 


y ? 2 
g- — g+ ++ a 
co! | 4! 1 
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(/md) (012): 


) ~~ 


3 


+ 


1—¢2 | 


—[2—e+ (4—e?)g+ 3(6—e?)q?] 


In these expressions 


e? 
9 


Ce = 


It will be noted in Fig. 3 that levels correspond- 
ing to eigenfunctions which are odd in z (A odd) 
tend to finite binding energies as y —> 00, while the 
functions even in z (A even) tend to infinite binding 
energies. This division according to 2-parity is not 
invalidated by the form of the perturbing term. 

Fig. 4 shows an energy-level diagram for the 
case y = 35. In n-type InSb, this corresponds to a 
field of about 55,000 G, and the energy scale in this 


RYDBERGS 


EFFECTIVE 


Fic. 4. Energy-level diagram in the high-field region for 
y = 35. The arrows show some allowed optical tran- 
sitions. The symbols R and L refer to right and left 
circularly polarized radiation. The symbol || refers to 
radiation with electric vector E parallel to Hp. 


p ° ane / , 
(ep? e2)e2+ Reg?+e2)2V 2x 


/77yY 


A 1 —e?)29?+ €2(1—e?)g+e ‘ P| r ao 


4—16e2—3e4 


g?— 
, q 


l 
of (e)}. 
V1i—e? 


case is in units of 0-00069 eV. We have included 
states (010), (011), and (012). These differ in energy 
from the corresponding states with m 1 only 


by the constant difference 2y. Table 1 lists the 


Table 1. Variational parameter « and binding energy 
Ep for y = 35 


lmX € 
0:-42918 
0:16172 
0-32840 
0-15191 
0-12 
0-10 
0-34640 
0-29648 
0-28586 
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002 
012 
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110 
020 


wnat u al 
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values of ¢ and the binding energy Ez obtained for 
each of the levels listed for y = 35. It will be noted 
here that the bound states for /+4(m+|m|) > 0 lie 
in the region of the /+3(m+|m|) = 0 continuum. 
This leads to some interesting effects which are 
discussed in the Appendix. 


(b) Absorption Coefficients 
In the high-field case we have investigated the 
optical absorption coefficient for transitions from 
various discrete levels to both higher discrete levels 
and continuum levels. The quantity |Q/? in equa- 
tion (9) was evaluated, using the effective mass 
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and (16). For 


levels, 


in equations (15) 
nsitions between two discrete 
selection rules were obtained in the 

©. If the light is right circularly polar- 
ith S || Ho, then Al 1, 0; Am Le 
light is left circularly polarized with 

+1; AA 

E || Ho, 


it the light 


then 


the exact 
tions do not have the forms of 
and (16), 


of such 


G ] 1 

ified by equations (15) 
1 as linear combinations 

a 7ood 


quantum number » still 


1 
ass Tunctions 


odd with 


ve quoted 


Howeve Le 
functions at 


bsorptive transit! from any 


higher energy with the 


* 17 5 | 
lues regardless o / value 
transitions 


the 


or abs« rptive 
. . ‘ : i 
veis to continuum ieveis 


intum numbers 


tions involving two discrete levels. ‘Transi- 


to any value 


re important transl- 


INSOTYNTL 
ik I 


limit 


selection rule 
licated by arrows in 


sorption coetncient for transitions 


i; + ] ] , axrath 1] : 
liscrete levels 2 and 7 with collision 


uded can be written as 


87r2(n/Dhce)N VU 2q/(a24+-b?) a 
(17) 


—! b= (hw/E;—E£;)—-1. 


) and 


J or transitions trom a discrete level 2 to various 


continuum levels specified by quantum numbers /, 

n coefficient including broaden- 
ner similar to that 
» 


equation (12) for the low-field 


employed to deriv 


case. Using the effective mass functions given by 


equations (7), (15), and (16) to evaluate the proper 


form of |O}2, one finds that the resulting absorption 
coefficient can be expressed in terms of the integrals 


Kw, p) defined by equation (12a). The quantity 


and 


even. If 
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FE, entering into Ka, p) is to be replaced, how- 
ever, by the energy difference of the magnetic sub- 
band at k, 
under consideration. 

Since the high-field theory developed in the 
present paper is particularly applicable to InSb 


0 and the particular discrete level 


containing donor impurities, we have made cal- 
culations of the absorption spectrum for this 
material for various types of polarized light. The 
value of y was chosen to be 35, which corresponds 
to a magnetic field of about 55,000 G. The cal- 
culations were carried out for a temperature of 
4-2°K (liquid-helium temperature) and a donor 
concentration of 10'4cm~-*. ‘The dielectric constant 
D was taken to be 16, while the effective mass m* 
for conduction electrons was taken to be 0-013 
m.20) 'The broadening parameter a is 0-02 in all 
cases. The impurity atoms were assumed to be 
distributed among their energy states according to a 
Boltzmann distribution 

In Fig. 5 the absorption spectrum for plane 


Fic. 5. Optical absorption spectrum of donor impurities 


in InSb at y 35. The electric vector E of the radiation 


is parallel to Hy. 
polarized light having E || Ho is plotted. The spec- 
trum consists of several discrete lines and a rather 
broad photo-ionization continuum. At the parti- 
cular magnetic field chosen, the region of absorp- 
tion lies in the rather inaccessible 200-600 » 
range. 

The absorption spectrum for right circularly 
polarized light with § || Hp is shown in Fig. 6. The 
photo-ionization spectrum again lies in the in- 
accessible 200-600 yu region. The two discrete lines 
shown occur at wavelengths of about 1 and 3 mm. 
The difference in intensity of the two discrete lines 
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Fic. 6. Optical absorption spectrum of donor impurities 


in InSb at y = 35 for right circularly polarized light. 


in both Fig. 5 and Fig. 6 is due primarily to the 
difference in occupancy of the (000) and (010) 
levels. 

The absorption spectrum for left circularly 
polarized light with S || Ho is plotted in Fig. 7. 
The spectrum is made up primarily of four peaks, 
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Fic. 7. Optical absorption spectrum of donor impurities 
in InSb at y = 35 for left circularly polarized light. 
two being quite strong and two rather weak. Since 
the weaker peaks are not evident in the total ab- 
sorption (solid line), their contribution is indicated 
by the dotted lines. The region of absorption in 
Fig. 7 is near the cyclotron resonance frequency for 
conduction electrons. In fact the maximum of the 
weak peak corresponding to the (010) —> (100) 


transition falls almost exactly at the cyclotron re- 
sonance frequency for m* = 0-013 m and Ho 
55,000 G. It is clear that the absorption in Fig. 7 
occurs at much higher frequencies than that o f 
either Fig. 5 or Fig. 6. The absorption spectrum in 
Fig. 7 shows two strong peaks, one correspondin g 
to a transition between discrete levels and one 
corresponding to photo-ionization. 

The absorption coefficient for the maximum of 
the strong peak at about 0-049 eV is on the same 
order of magnitude as that to be expected for the 
cyclotron resonance absorption associated with 
1014 free conduction electrons at 4-2 K. At higher 
temperatures the maximum absorption due to 
cyclotron resonance should decrease (at fixed 
carrier concentration) both because of increased 
broadening and because of effects arising from the 
non-parabolic nature of the conduction band. 

Recently BoyLe and BrarLsrorD")) have re- 
ported measurements of the optical absorption of 
InSb as a function of magnetic field at liquid- 
helium temperatures and a wavelength of 87 
microns. Their data show a strong absorption 
maximum with a shoulder on the high-field side. 
They ascribe the absorption at the maximum to 
transitions which we call (000) — (010). and 
(000) > (110) and ascribe the shoulder to the 
(010) —> (100) transition and to other transitions 
having excited initial states. The strong photo- 
ionization peak in our theoretical absorption spec- 
trum in Fig. 7 is not at all evident in the data of 
BoyLe and BraiLsForD. The reason for this ap- 
parent discrepancy is not clear to us at the moment. 
We believe, however, that the interpretation of the 
experimental data will be facilitated if the experi- 
ments are done as a function of frequency with a 
fixed magnetic field of 50-60 kG, so that the freeze- 
out of carriers will be relatively complete, as in- 
dicated by the work of Keyes and SLapexk,“”) and 
will not vary during a given experiment. 


5. DISCUSSION 

The theory developed in this paper is restricted 
to impurity states associated with a non-degenerate 
parabolic band having its extremum at k = 0. If 
one accepts the results of HERMAN“) on the band 
structure of various semiconductors, then it ap- 
pears that the present theory is applicable to donor 
impurities in the semiconductors gray tin, indium 
antimonide, and cadmium telluride. There also 
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appears to be some evidence*) that indium 
phosphide containing donor impurities may satisfy 
the assumptions of the present theory. The theory 
as it stands is clearly not applicable to donor im- 
purities in silicon or germanium, since these semi- 
conductors have conduction bands with minima 
away from k 0. Furthermore, the theory is not 
applicable to acceptor impurities in practically all 
semiconductors, because most materials have 
valence bands which are degenerate at k (0) 

No corrections for induced emission have been 
made in the calculations of the optical absorption 


coefficients. The populations of the excited states 


are sufficiently small, under the conditions for 
which detailed calculations have been made, that 
the corrections for induced emission are not very 
important 

It has been found ® that fourth-order terms in 
he expansion of the conduction band energy in 
powers of k lead to observable effects on the cyclo- 
tron resonance absorption of conduction electrons 
in indium antimonide. Although the fourth-order 
terms may lead to observable effects in the present 
problem, it is felt that these effects are small, at 
least for indium antimonide with magnetic fields 
up to 60 kG, and have not been included in the 
theory 

It is interesting to compare the photo-ionization 
spectra for the low- and high-field cases. The low- 
field spectrum has a number of peaks of appreciable 
magnitude. As the magnetic field increases, the 
peaks at the higher frequencies decrease in in- 
tensity until finally in the high-field limit only one 
peak remains (or at most two peaks if plane polar- 
ized light with E | Hp is used). 

The decline of the high-frequency absorption 
peaks as the magnetic field is increased is related 
to the fact that in the high-field limit the motion of 
the electron in a plane perpendicular to the mag- 
netic field is determined mainly by the magnetic 
field and not by the impurity potential. The trans- 
verse motion of the electron in both bound and 
continuum states is accordingly described by 
single functions of the type ®,,,(¢, d) and the re- 
sulting selection rules Al — 0, 1 and Am Q), 

1 lead to the existence of only one or two peaks 
in the high-field photo-ionization spectrum. In the 
low-field region, however, a given bound state is 
described by a linear combination of ®,,,(c, ¢) 


n 


rather than a single ®,,,(o, ¢) and the correspond- 


and 
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ing photo-ionization spectrum involves more peaks 
than in the high-field region. 

A comment should be made about the use of the 
effective mass equation (equation (2)) in the high- 
field case. If the magnetic field is small enough 
(even though y > 1) so that two criteria are satis- 
fied, then the use of the effective mass equation 
appears justified. First, the separation between 
magnetic sub-bands, fAw,, should be small com- 
pared to the energy gap between valence and con- 
duction bands at zero magnetic field, L,,. Second, 
the characteristic length, s~ +, should be large com- 
pared to a lattice spacing. For InSb at 4-2°K and 
y hw 0-048 eV, than 
E~ = 0-23 eV, while s~ 
siderably greater than the lattice spacing. 

Our treatment has neglected interactions be- 


which is less 


~ 100 A, which is con- 


oT 
JJ, 


tween impurity centers. This assumption appears 
justified if the concentration of impurities is small 
enough so that the average distance between im- 


purity centers is large compared to the effective 


Bohr radius ao*. For donor impurities in InSb the 
upper limit of concentration giving essentially in- 
dependent centers is on the order of 10!4 cm=%, as 
has been pointed out by Keyes and SLapeK. (2) 
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APPENDIX: AN AUGER EFFECT IN _ SEMI- 
CONDUCTORS 

A study of Fig. 4 reveals that the “‘bound’’ states for 

0 lie in the range of the continuum of 

auto- 


1+-4(m+|m)) 
1+ 4(m-+-|m!|) 0. Under 
ionization process or Auger effect'!®) can occur. The 
theory of such processes is not in very good condition, 


these conditions an 


but the fact that this is a one-electron system, whereas 
previously treated Auger processes involve more than 
one electron, makes it possible to estimate the effect of 
this Several approaches are possible; we have 
studied the effect by a perturbation-type calculation of 
the transition probability from the discrete state (100) to 
the continuum states (00A-), with a deduction of the re- 


process. 


sulting line broadening. 

For this procedure, we observe that, although our 
adopted wave functions for the above-mentioned states 
are not all eigenfunctions of the magnetic-field free- 
particle Hamiltonian, yet they are not mixed by it, so 
that this is a suitable choice for W,». #’ is then just the 
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Coulomb term 2/r. The resulting matrix element cannot 
be evaluated in closed form, but an appropriate numer- 
ical evaluation for y = 35 gives a line width of AT’ ~ 0-1 
Rydberg. This is much smaller than the value assumed 
for collision broadening in Section IV(b) in calculating 
the absorption coefficient for transitions to the state 
(100). It should be noted that the state (010), which is 
involved in the transition having the most intense ab- 
sorption in Fig. 7, is not broadened by interaction with 
the continuum states having /+ 4(m-+-|m|) = 0 because 
the m values are different. 
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idual resistivity of various impurities of the First Long Period has been mea- 
Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Ga, As, Se) and in aluminium (Ca, Ti, 
These measurements are compared with those of other workers and with the 


1 conclusions of Motr and of FRIEDEL. 


Résumé—La résistivité résiduelle de diverses impuretés de la premiére longue période a été 

mesurée dans le cuivre (K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Ga, As, Se) et dans l’aluminium 

(Ca, Ti, Cr, Mn, Fe, Cu, Zn). Ces mesures sont comparées 4 celles d’autres expérimentateurs et aux 
idérations théoriques de Mortr et de FRIEDEL 


1. INTRODUCTION a été faite par diverses méthodes chimiques et, 

L’eFFET de divers éléments en solution sur la ré- _physico-chimiques. La résistivité a été mesurée par 
sistivité du cuivre et d’autres métaux bons con-_ différentes méthodes et dans différents ¢états 

ducteurs a été étudié par divers expérimentateurs, moulé, filé, ¢tiré et recristallisé—ainsi que pour 

tels que Norsury,® Linpe,@) Guryaev,®) Hip- différentes compositions. Les résultats, donnés 

BARD,“@) PAWLeK,®-6) LigBertz‘” et ZoLueER.’:%) dans les tableaux 1 et 2, représentent, suivant le 

Nous avons nous-mémes fait des mesures dans ce procédé usuel, l’augmentation de la reésistivite 

domaine,“® que nous allons présenter et comparer pour 1 pour-cent atomique, c’est-a-dire Ap/c en 

a celles des autres expérimentateurs. Nous pQcm/pour-cent. Les signes > et < signifient que 

montrerons qu’elles sont en accord satisfaisant nous pensons nos mesures respectivement trop 

avec les considérations théoriques de FRIEDEL.“ _ faibles ou trop fortes. 

Seuls LinpE®) et PAWLEK,) pour le cuivre, et 

2. RESULTATS EXPERIMENTAUX LIEBERTZ,“) pour l’aluminium, ont analysé en 

Nous avons utilisé un cuivre électrolytique de détails leurs propres mesures. NORBURY, GULYAEV, 


Tableau 1. Alliages de cuivre—Ap/jc en pQ0m/pour-cent 


pureté 99,95 pour-cent, un aluminium raffiné de HIBBarD et ZOLLER ont seulement fait quelques 

pureté 99,99 pour-cent et des éléments d’addition mesures non-systématiques, ou analysé les mesures 

de pureté comparable.“ L’analyse de ces métaux d’autres expérimentateurs. La Fig. 1 contient les 
90 
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Tableau 2. 





Alliages d’ aluminium 


Ap/e en uQ&Qcm/pour-cent 


Mn *e Co Ni Cu 


‘ca 





vi 


KO 





Ti Vor Mn Fe Co Ni Cu Zn GaGe As Se 


Fic. 1. Résistivités résiduelles dans le cuivre. Ap/c en #Qcem/pour-cent 


atomique. - LINDE;')-+- PAWLEK; 


+8) x VassEL.(!9) Trait continu : 


valeurs 


réelles probables. 


résultats de LINDE, PAWLEK et nous-mémes pour 
le cuivre; la Fig. 2 contient ceux de LIEBERTZ, 
ZOLLER et nous-mémes pour |’aluminium. 


3. DISCUSSION DES RESULTATS 
Dans la Fig. 1, les résultats des différents auteurs 
sont comparables, sauf pour le titane et le cobalt. 
Cette différence pourrait étre due, pour le titane, 


Des expériences nous ont ainsi montré que le 
titane se dissout a moins de 0,002 pour-cent 
atomique dans l’aluminium. Ceci veut dire que le 
titane a une forte tendance a former des composés 
avec l’aluminium, et sans doute aussi avec les 
autres impuretés. Ce fait est en parfait accord avec 
les faits connus de la métallurgie chimique. 

En ce qui concerne les éléments a droite du 





_ ae 


Wt 9e—-+ | 





K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se 


Résistivités résiduelles 
atomique. 
continu : 


Fic. 2. 
pour-cent 


a une forte affinité de ce métal pour d’autres im- 
puretés. I] peut en étre de méme du cobalt, qui est 
peu soluble dans le cuivre. 

Dans la Fig. 2, les résultats concordent de 
méme, sauf pour le titane et le vanadium. Ces 
métaux sont trés peu solubles dans |’aluminium. 


dans 
ZOLLER ;(*) °) + LIEBERTZ;‘") X VASSEL. (1°) 


valeurs réelles 


Ap/e en pQcem 


Trait 


Val ee 
aluminium. 


probables. 


cuivre, dans le cuivre comme dans |’aluminium, 
nous trouvons que la loi de NoRBURY—LINDE est 
généralement bien suivie: la résistivité augmente a 
peu pres comme |AZ|?. Z est ici le nombre d’élec- 
trons de valence, ou le numéro de la colonne dans 
le tableau de Mendeleief; AZ, la différence de ces 
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nombres pour |’impureté et pour la matrice. On 
sait qu’une telle loi a été expliquée d’abord par 
Mort,”2) puis plus exactement par FRIEDEL“) et 
d’autres auteurs, en traitant les électrons de con- 
ductibilité de la matrice comme des électrons libres 
diffusés par les atomes d’impurete. 

Pour le selenium dans le cuivre, la loi en |AZ/* 
ne semble plus étre valable. Nous pensons que, 
dans ce cas, il faut considérer que le selenium n’a 
pas un nombre d’électrons de valence Z +6, 
mais un nombre Z 2 : ce sont les deux élec- 
trons qui lui manquent pour remplir sa couche p. 
Ce point de vue est en accord avec les faits de la 


2 AZ 3, 
comme pour le Cu-Ge. Pour Cu—As au contraire, 
AZ +5 
ou Z 3. Ces considérations expliquent donc 
bien le pic de résistivité tres symétrique observe 


chimie; l’oxygéne a également une valence Z’ 
2. Si ce point de vue est adopte, 
4, que l’on prenne pour I’arsenic Z 


pour Cu-As (Fig. 1) 

On peut présenter le raisonnement qui précede 
d’un point de vue un peu different, qui nous a été 
Monsieur FRIEDEL. La 
Ge, As, Se a des couronnes 4s et 


suggeéreé série des 


éléments Zn, Ga, 
4p de plus en plus stables et qui se remplissent 


par 


donc progressivement du Zn au Se, quand ces 
éléments sont dissous dans le cuivre. D’aprés les 
considérations de FRIEDEL,“!) on s’attend a une 
résistivité résiduelle maxima pour |’impureté dont 
la couronne 4p est a moitié plaine,* c’est-a-dire 
pour |’As. La résistivité maxima est donnée ap- 


proximativement par la formule suivante :“%)* 


4ax 
phos 


(2/+-1)-0,244.Qcm/pour-cent (1) 


Dans cette formule, p est nombre d’électrons de 
valence par atome de la matrice, ky, leur quantité 
de mouvement au niveau de Fermi, exprimée en 


unités atomiques (€é m h 1); 7 est le 


nombre quantique de la couronne a moitié pleine 
de l’impureté. Enfin « est une constante égale ici a 


l’unité. Pour les alliages de cuivre ici considérés, 


* La couronne 4s est trop élargie par résonance avec 


électrons de conductibilité pour donner un pic de 


+ Cette formule se déduit de la formule générale 


donnée par FRIEDEI en faisant 7) 
autres déphasages égaux a zéro ou a des multiples de =. 


(7/2) et tous les 


R. VASSEL 


f=1, p=1, ky =90,725. D’ot (Ap/c)nx 
~ 124Qcm/pour-cent, en assez bon accord avec le 


pic de 8,3 pour-cent mesuré par nous pour Cu—As. 


En ce qui concerne les éléments allant de K au 
Ni, nous observons une différence considérable 
d’allure pour le cuivre et l’aluminium. Dans le cas 
du cuivre, nous observons deux pics assez forts, 
un pour Ti-V, l’autre pour Fe; dans le cas de 
l’aluminium, nous trouvons un seul pic, plus faible 
et plus étalé. Ces résultats sont en accord avec ceux 
des autres expérimentateurs. Notre valeur plus 
faible pour le Cu—Ti suggére que les deux pics 
du cuivre sont assez semblables. 

On sait que FRIEDEL!) a proposé d’expliquer 
ces pics de résistivité par le méme mécanisme de 
résonance invoqué plus haut pour les éléments Cu, 
Zn, Ga, Ge, As, Se. Le pic de l’aluminium serait 
du a la résonance de ses électrons de conductibilité 
avec la couronne d a moitié pleine des impuretés 
de transition. Dans ce cas, p 3, ky 1-62. 
i[=2 et « 1; la formule (1) prédit un pic 
(Ap/¢) max. & 4,7#Qcm/pour-cent, en bon accord 
avec les mesures. 

Le fait que l’on observe deux pics dans le cuivre 
serait di a ce que la regle de Hund s’appliquerait 
dans ce cas et conduirait les impuretés a vider une 
demi-couronne 3d°, d’une direction de spin, avant 
l’autre. Ainsi, par exemple, le Fe aurait une demi- 
couronne 3d° pleine qui diffuserait peu les élec- 
trons; et la demi-couronne de spin opposé a 
moitié pleine, diffusant donc fortement les élec- 
trons. Chaque atome d’impureté ne diffuserait donc 
fortement qu'une moitié des électrons de conducti- 
bilité. I] faut ainsi introduire un facteur « = 4 dans 
la formule (1). Avec p 1, ky = 0,72 et 1 = 2, 
celle-ci donne pour les deux pics (Ap/c),.,. ~ 
~ 10,54Qcm/pour-cent, en accord  satisfaisant 
avec les valeurs de la Fig. 1. 

En conclusion, la loi de Norsury en |AZ|? 
s’'applique raisonnablement bien aux impuretés 
((normales)) (Cu a Se) dissoutes dans le cuivre et 
l’aluminium, a condition de prendre toujours la 
plus petite valeur possible pour |AZ!|. Cette loi 
s’'applique aussi aux impuretés de transition selon 
notre systématisation,“4) laquelle est en parfait 
accord avec les faits connus de la chimie, physique 
et métallurgie chimique. Dans tous les cas, les pics 
de résistivité observés ont des positions et des 
accord avec les considérations 


valeurs en bon 


théoriques de FRIEDEL. 
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Electrical resistance of some noble-metal alloys 
at liquid-helium temperatures 

Varch 


éa 21 


Re Cel7 


following letter the results are given of 


the electrical resistivity 


im temperature region Of s¢ 


with a noble-metal base and various other elements 


; ae 
as solutes. The measurements constitute a continu- 
earlier 
ith the 


pome of the 


ation <¢ an 1n' ligat 
LINDE in 
Onnes Laborat 


10] 


made by J. O. 
Kamerlingh 


n wv 


ratio 
; 
Leiden 


CO-Ope 
ry, results 
from the Institute here have been re ported -) at the 


Fifth International Low-Temperature Conference, 


94 
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Madison, 1957. 


ve not been published previously. 


The results given in the present 


The alloys were prepared from spectroscopically 
pure materials supplied by Johnson, Matthey and 
Co. Ltd., London, by melting the components in 
evacuated silica tubes in a high-frequency furnace 
(in some cases in a wire-wound furnace). After 


slight rolling, the ingots were homogenized by 
annealing at 800—900°C for about 2 hr. The alloys 
were then drawn to wires of about 0-2 mm dia- 
meter. Small pieces of the wires (3-7 cm) were used 
for the measurements. They were welded to short 


wires of the same material. Copper wires were 


soldered to the “‘H-shaped”’ specimens as leads for 
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the current and connections to an electrical 
potentiometer. The samples were as a rule an- 
nealed at about 500°C prior to the measurements 
(when quenching from higher temperatures was 
not necessary). 

‘The measurements were generally carried out at 
five different temperatures in the range 4-2- 
1-2°K, in which the fixed temperatures were deter- 
mined with a carbon resistance thermometer, 
calibrated with the aid of a helium gas thermo- 
meter. By combining these measurements with a 
measurement of the resistivity of the samples at 
room temperature, the resistance values at the 
different temperatures could be converted to re- 
sistivity values. 

The diagrams show the values of the resistivity 
p in p2Qcm as a function of the temperature in °K. 
The notation for the alloys consists of the atomic 
percentage of the solute and the chemical symbols 
of the basis metal and the solute, given in that 
order. The scales used and the resistivity at 4-2°K 
for the different samples are also noted in the dia- 
grams. 

From the diagrams it is apparent that the 
resistivity—temperature derivative is negative in the 
liquid-helium region for most of the dilute alloys 
studied. This implies that the curves will display a 
resistivity minimum at some higher temperature. 
An exception to this behavior is found for the alloy 
0:55 CuMn, which belongs to the group of alloys 
for which the resistance minimum is followed by a 
maximum at still lower temperatures"), further for 
the alloys 0-7 Cu P, 9-52 Ag Pd, and 4-70 Cu Si. 
For the last-mentioned alloys, which are character- 
ized by a fairly high concentration of solute, the 
change of resistivity with temperature is rather 
small. ‘The measurements are in these cases not 
accurate enough to enable us to decide whether a 
minimum exists or not in the resistivity-tempera- 
ture curves. This is to be tested by further mea- 
surements. 

Of the alloy 17-0 Cu Pd, two samples were 
made, one of which was annealed in the tempera- 
ture range below 400°C to produce an ordered 
state of the specimen and the other quenched from 
600°C, both being homogenized prior to these 
treatments. In the samples of 7-0 Au Co and 0-17 
Cu Cr a slight degree of precipitation may have 
occured during the quenching process. Results of 


measurements on samples of these alloys in the 


THE EDITORS 
cold-worked state have been reported earlier from 
this Institute. ) 
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Pt'> nuclear magnetic resonance in metallic 
platinum 


(Received 5 May 1958; in revised form 3 June 1958) 


A NUCLEAR magnetic resonance, definitely associ- 
ated with Pt!%, has been located in platinum 
metal. Heretofore, the nuclear resonance of Pt!% 
has been observed in aqueous solutions of chloro- 
platinic acid only®) and the presently accepted 
value of its magnetic moment is based on that work. 
The purpose of this letter is to point out that the 
moment so determined may be in error by several 
per cent and also that the character of the metallic 
platinum resonance is quite unusual. 

The resonance associated with Pt! in the metal 
at 25°C is shifted to lower frequency by 3:52+-0-01 
per cent relative to the resonance of the same iso- 
tope in a one-molar aqueous chloroplatinic acid 
soluticn in the same external magnetic field. Our 
data on the solution are in agreement with those 
of Procror and Yu. This rather large shift is in 
the opposite sense to that observed for any other 
metallic shift reported in the literature); how- 
ever, this behavior may be representative of other 


heavy transition metals as yet unreported. ‘The 
usual paramagnetic (Knight) shift toward higher 
frequency in the metal is satisfactorily explained *? 
on the basis of hyperfine interaction between the 
nuclear magnetic moments and the conduction 
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electrons in the s-state; existing theories, however, 
do not account for the present observations. 

The position and width of the resonance in 
platinum metal were observed over a wide range 
of temperature and magnetic field. Both the re- 
lative shift and line width were found to be in- 
dependent of external magnetic field over the 
range 2-37 to 11-00 kG at room temperature. The 
shape of the absorption was closely Lorentzian, 
the peak-to-peak width of the derivative curve, 
corrected for slight modulation and field inhomo- 
geneity broadening being 2-54 G, with a probable 
error of 0-06 G. The theoretical second moment 
for the absorption in the metal is 0-165 G? (using 

0-551-104 G-! sec-!); this would correspond 
to a peak-to-peak width of 0-81 G for a Gaussian 
curve and should be a reasonable estimate of the 
true width in this case since no quadrupole or spin 
exchange interactions are to be expected. (Pt 195, 
which is 33-7 per cent abundant, is the only iso- 
tope with non-zero spin; its spin is one-half.) The 
Lorentzian shape and excessive width indicate a 
relaxation-time broadening. This was investigated 
by measuring the width at 78°K, and it was found 
1-24+-0-06 G. Using the 


to have decreased to 


relationship 

(2/a)/¥2(1/To’) + (1/27}), (1) 
first suggested by BLOEMBERGEN, PURCELL, and 
PounpD,? it was possible to derive an approximate 
value for 7}, the spin-lattice relaxation time, on 
the assumption that no motional narrowing was 
(i.e., Ts’ = Ts’ in the notation 
which is used throughout this dis- 


occurring 
Reference 3, 
cussion) and that the limiting line shapes are 
Gaussian (at 0°K) and Lorentzian (at high tem- 
peratures). 72 was obtained by integrating the ex- 
the relationships 


pe rimental curves, 


To 
(T> l 


using 


and | p(v)du 1. Using 


52(v) 
2-24 - 108 


at 298°K, and 


sec-!, 7; was calculated to 


10-5 sec 2110-5 sec at 


This change in 7; was accompanied by a 


be 

78°K 
rather large change in the resonance position des- 
cribed by Fig. 1. The ordinate 6(AH/H) is 
(H73—H,)/H7g where H7g and H, are the ex- 
ternal magnetic field values required for resonance 
at a constant frequency and a sample temperature 
of 78K and 7°K, respectively. The total relative 


of 
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shift observed over the range in- 
vestigated is 0-65 per cent, about ten times that 
observed for any other metal.) The measured 
value of [v(metal, 78°K) —v(sol)|/v(metal, 78°K) is 
4-154-0-001 per cent. The reason for stating 
AH/H one time and Av/v the next reflects the ex- 
perimental method used to obtain the data. 

It is possible to interpret these results qualita- 
tively using only the electron—nuclear interactions 
known from the study of non-transition metals if 
we assume that the cause of the negative shift is an 


tem pe rature 





3 


JO(4 H/H )10 





300. 


205 


° 


K 


Fic. 1. Plot of change in resonance field of Pt'*® in 
platinum metal as a function of temperature at a con- 
The resonance field 


0-3 G at 78°K. 


stant frequency of 7:6606 mc/sec 
decreases from a value 8717-0 


exceptionally large paramagnetic chemical shift®? 
for the [PtCl¢]?- complex and that a hypothetical 
non-paramagnetic compound has a resonance at a 
frequency less than that of the metal in a fixed 
magnetic field. Large chemical shifts which may 
be of a similar nature have been observed for some 
cobalt complexes. ©) 

By using the Korringa relation’) and the above 
hypothesis, an approximate figure for the Knight 
shift has been derived from the 7; data presented 
above. This appears in Table 1. Even if the use 
of the revised Korringa relation given by PINES 
were straightforward, it is doubtful whether it 
would represent an improvement in the present 
case since it does not include non-s relaxation 
processes. 

Although these computed shifts raise additional 
questions to be discussed below, the Knight shift 
will be assumed to be 1-8 per cent. After taking 
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Table 1. Relaxation time and Knight shift for 
metallic Pt) 


T, T,T 
I-16, 107% 
44,10 


(AH/H) on 


OD | iy 
10 


| 2-2. 10-? 
16.107? 


1-7 
1-9 


| 
\ 


into account the core diamagnetism, amounting to 
about 0-9 per cent, ®) the moment of Pt!® is found 
to be about 5-0 per cent lower than the value 
0-6005 n.m."). The latter value does not include 
the diamagnetic correction. 

The fact that the derived Knight shifts stated in 
Table 1 differ by about ten per cent of their value 
is not considered significant in view of the difhi- 
culty of measuring 72 and considering the approxi- 
mate nature of equation (1). A point deserving 
emphasis, however, is that the Korringa relation 
predicts only a slight temperature dependence of 
the Knight shift, and if anything, a small increase 
with decreasing temperature, while the observed 
fact is that the resonance has shifted to higher field 
(by 0-5 per cent, 50 Gin 10 kG) in going from room 
temperature to 78K. The latter statement is 
equivalent to saying that if the relative Knight 
shift has the value K per cent at room temperature 
its value is (K—0-5) per cent at 78°K and thus the 
Knight shift decreases rapidly with decreasing tem- 
perature, 

It is not possible to bring the observed decrease 
in (AH/H) into agreement with the 7) values given 
above by using the theoretical expressions for re- 
laxation time and Knight shift based on the hyper- 
fine interaction alone without making assumptions 
concerning changes in mean probability density of 
a conduction electron at the nucleus averaged over 
the top of the Fermi distribution, P,,; the density 
of electronic states per unit energy at the top of the 
Fermi distribution p(£o); or the spin susceptibility 
per unit volume, ys, which are incredible when 
compared with the results of specific heat and mag- 
netic susceptibility measurements.-19) Estimates 
of the change in core diamagnetism based on the 
volume change of platinum on cooling (about 0-6 
per cent over the region 78°K to 298°K) amount to 
only 0-4 per cent of the total diamagnetic contribu- 
tion to the susceptibility and are negligible when 
compared to the shifts reported here. 
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Two possible conclusions from this discussion 
follow. A relatively fast change in the mixture of 
states forming the wave function in the solid may 
occur as a function of temperature. The propor- 
tions of the configurations 5d%6s?, 5d%6s!, and 5d10 
would have to change in such a way that P,, the 
total s-state contribution at the nucleus, averaged 
over the top of the Fermi distribution, would de- 
crease with temperature. ‘The low-temperature 
ground state configuration would have the least 
s-state contribution. The difficulty in applying 
even the revised Korringa relation”) under these 
conditions of rapidly changing s-character is ob- 
vious. Relaxation processes involving d electrons 
would be required to account for the shortness of 
the observed relaxation time at low temperature. 
This argument is consistent with the 10 per cent 
increase in magnetic susceptibility in going from 
298 to 78°K9 and would probably not influence 
the linearity of the electronic specific heat curves 
in the temperature region used to gather such 
data. 

Despite the plausibility of the above argument, it 
is not necessarily the only one consistent with the 
data; one might, for instance, regard the negative 
shift as real in the sense that there is no platinum 
compound (even hypothetical) from which plati- 
num metal is shifted by an ordinary (positive) 
Knight shift. One might then inquire into con- 
figuration interactions with higher s-states which 
apparently can cause the hyperfine coupling con- 
stant to be negative.) The temperature depend- 
ence of the shift and line width could perhaps be 
equally well explained by this mechanism. 

Work on the pressure dependence of the Knight 
shift in determining 


whether the suggested rapid electronic change is a 


would be very valuable 
volume effect. Also, a direct measurement of 7} vs. 
temperature would aid in isolating the effects of the 
factors entering theoretical 7; and (AH/H) ex- 


pressions. 


Acknowledgements—The author is grateful to Professor 
H. Brooks for a discussion of these results, and to Dr. 


L. E. ORGEL. 

Metals Research Laboratories T. J. ROWLAND 
Electro Metallurgical Company 

Division of Union Carbide Corporation 

Niagara Falls, New York 





LETTERS TO THE 


REFERENCES 


Proctor W. G. and Yu F. C. Phys. Rev. 81, 20 
(1951) 

Knicutr W. D. Solid State Physics 2, 93. Academic 
Press, Inc., New York (1956). 

BLOEMBERGEN N., PuRCELL E. M 
Phys. Rev. 73, 679 (1948). 

McGarvey B. R. and Gutrowsky H 
Phys. 21, 2114 (1953). 

GRIFFITH and ORGEL L. 
Soc. 53, 601 (1957) 
Dr. Orgel stated that 
term for Pt** of over 2 per cent would be rather 


and Pounp R. V. 
S. ¥. Chem. 


E. Trans 
In a private communication 


| es Faraday 


a paramagnetic shielding 
urprising unless spin-orbit effects are very large. 

FREEMAN R., Murray G. R. and Ricuarps R. E. 
Proc. Roy. Soc. A 242, 455 (1957). 

A good discussion may be found in the article by 
D. Pines Solid State Physics 1, 420. Academic 
Press, Inc., New York (1955) 

DICKINSON W. C. Phys. Rev. 80, 567 (1950) 

Kok J. A. and Kersom W. H. Physica 3, 1035 (1936). 

Hoare F. E. and Mattuews J. C. Proc. Roy. Soc. 
A 212, 137 (1952). 

ABRAGAM A. and Pryce M. H. L. Proc. Roy. Soc. 
A 206, 164 (1951) 





Superconductivity of rhenium nitride 
(Received 12 Fune 1958) 


THE existence of rhenium nitride is reported by 
HauHN and KONRAD 
vestigated because of the considerable line width 
of its X-ray diffraction powder pattern, as des- 
cribed in their paper. Strain was rather improb- 


The compound was in- 


able, since the synthesis was carried out by de- 


composing NH4ReQO, at approximately 300°C in 


an ammonia atmosphere and annealing at this 
temperature did not change the extreme line width. 
This broadening was therefore presumably due to 
the extremely small crystallite size. 

Rhenium nitrides of the approximate composi- 
tion ReNo.34 were prepared and their X-ray 
powder pattern corresponded to that described 
above. They became superconducting between 4 
and 5°K. A rise in the transition temperature of 
rhenium powder of over 1°K above that of the 
cast rhenium ingot had first been observed by 
Hutm and Goopman.®) Decomposition of 
NH4ReO, at lower temperatures produced samples 
whose line widths were so broad that no lines 
could be distinguished. ‘They were not super- 
conducting above 1°K. If the decomposition was 


carri¢d out at approximately 700°C, the lines in 


EDITORS 


the X-ray powder pattern were sharper and corres- 
ponded to those of rhenium metal. Simultaneously 
the superconducting transition temperature began 
to approach that of rhenium metal. ®? 

ReNpo.34 is of interest as a superconductor, for 
the size of the crystallites is very small. We deter- 
mined the crystallite size of the samples which 
were superconducting above 4°K and found a 
crystallite size range between 20 and 26 A. This 
size agrees quite well with the results of BucKEL®) 
and RUHL,“) who investigated the crystalline state 
of superconducting metal films condensed at low 
temperatures. They found a cessation of super- 
conductivity for crystallite sizes in the neighbor- 
hood of 20 A. In their case two dimensions of the 
films were, however, macroscopic. 20 A is at least 
one order of magnitude below the penetration 
depth of superconductors. 

The fact that we observe superconductivity by 
our magnetic method in a material of crystallite 
size between 20 and 26 A suggests that, barring 
the unlikely possibility of a very large change in 
penetration depth, the particles are in effective 
electrical contact and exclude the field by their 
infinite conductivity rather than by a Meissner 
effect. ‘To check this we looked for a true Meissner 
effect and found less than 5 per cent of that ex- 
pected. This shows that the contacts are at least 
not so effective as to make the material act like 
bulk superconductor, and puts an upper limit of 
the order of 2-300 A on the “effective’’ size of the 


aggregates of cry stallites 
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THE QUANTUM THEORY OF THE HIGH FREQUENCY 
SURFACE IMPEDANCE OF A METAL* 


M. YA. AZBEL’ 
Physical Technical Institute, Ukrainian Academy of Science. 


(Received 2 January 1958; in revised form 19 May 1958) 


Abstract—A quantum-mechanical formula is derived for the high-frequency surface impedance 
of a metal in a constant magnetic field of arbitrary direction. No special assumptions are made about 
the dispersion law of the conduction electrons. It is shown that in general, the relative amplitude 
of the quantised resistance oscillations is considerably greater than at zero frequency. In principle, 
an experimental determination of the magnetic field dependence of the impedance would be sufficient 


to determine the shape of the Fermi surface and the velocities of the electrons thereon. 


1. INTRODUCTION 
IN a conventional calculation of metallic resistance, 
the quantisation of the energy levels of the con- 
duction electrons may be safely ignored, and 
semiclassical considerations used throughout with 
a high degree of accuracy. This is because in any 
practical case the level separation Ae is every- 
where far smaller than the Fermi energy «9. A 
level splitting of the order of «9 would correspond 
to a specimen thickness as little as d ~ h/(2m*eo)* 
~ 10-8 cm or to the application of a magnetic 
field H ~ «9/u ~ 10% oersted. In these expressions 
m* ~ 10-27 gm is the effective mass of an electron 
and «9 ~ 10-4 erg the Fermi energy; p=|e\h/m*c. 
There are, however, two limitations to this 
approach. Firstly, it makes no 
purely quantum-mechanical 


semiclassical 
reference to the 
oscillation of the conductivity, a phenomenon 
absent from a classical model but nevertheless of 
great significance. Secondly, interest attaches not 
only to the resistance R but also to its magnetic 
field derivative dR/dH, which can be measured 
directly; and as the period of the quantum 
oscillations is extremely small, their contribution 
to dR/dH can be of the same 
even greater than, the classical contribution. At 
zero frequency the quantum-mechanical part is 


order as, or 


* Translated by R. D. Lowde. 


H 


generally not so important;“) but in calculating 
the derivative of the resistance at high frequencies 
a consideration of the quantum effects is essential. 
The study of these oscillation phenomena is 
particularly important in that it holds out the 
possibility of deriving the shape of the Fermi 
surface directly from experimental data.4-?) The 
usual procedure for establishing the Fermi surface 
involves an elaborate harmonic analysis of a com- 
plicated curve; however, it will be seen in Section 6 
that a study of R(#) at high frequencies using thin 
foils allows this difficulty to be circumvented. 
Hitherto, diamagnetic oscillations of conduc- 
tivity have been discussed only in the case of bulk 
metal in a static field. In this treatment, given by 
LirsHitz and Kosevicu,"! it was assumed that the 
current density within the metal was uniform, so 
that a static operator having no explicit dependence 
on co-ordinates could be employed. A non- 
uniform current density is less easily dealt with, 


especially as it is an essential part of the problem 


to consider a specimen of limited size. Moreover, 
it is not clear at the present time how to discuss 
quantum-mechanically the energy spectrum and 
th 

terms to the diffuse reflection of electrons from the 
metal surface. Notwithstanding this complication 
a solution may be obtained; for it can be shown 
that in the most interesting case of the anomalous 


1e matrix elements corresponding in classical 





M. YA. 


106 


skin-effect,* a significant contribution to the 
quantum-mechanical increment Aj? added to the 
classical current density is made only by those 
electrons which do not encounter the surface. In 
consequence a determination of metallic impedance 
does not involve establishing even the energy 
spectrum of the electrons which hit the surface. 
Inacl 1, on the other hand, the 


electrons which impinge 


assical discussio 
upon the surface play an 
the process; and for this reason 


essential part 1n 


th 


Lilt 


on distribution function 


THE COMPLETE SYSTEM OF EQUATIONS 
FOR THE IMPEDANCE 
The surface impedance of a metal is governed 


by Maxwell’s equations: 


CH 
- curl H 


and the formula relating f to the current density, 


in quasiclassical approximation 


j(R) = eSp{fvs(R—r 


axatiol 


time 
rast to the 
ia 4 
4y « 
e( pp) 
€\ / 


tio? ori’ 
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persion 
n electrons, and 
: visas 
rin which 
is immaterial 
approximation 
the skin 


e Larmer radius 


occurs when 
with tl 
at liquid helium 
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uniquely determined by its classical counterpart, 
and within an error ~ h? any symmetrization pro- 
cedure must lead to the same result. (‘This state- 
ment is easily verified if one recalls that to order 
h?, (4, b] (h/i)[a, 6], with [a, b] the classical 
Poisson bracket). In what follows, the one-to-one 
correspondence between a hermitian operator in a 
quasiclassical representation and the appropriate 
classical quantity will be made use of frequently. 

We now proceed to transform (2.2). We first 
make it linear in the RF field by putting 


(2.5) 


scalar 


f=f(E)+f,, 
where E e(p)+ // 


potential, p the kinematic momentum; 7/ is the 
potential energy, which if emission phenomena are 


W—eh. hb 18 the 


ignored is zero in the deep interior of the metal and 
infinite outside. Then in an approximation linear 
in the electric field 

Cc} ‘ i A 1, ~ 
+-[E°,f']4+WF'/to 
ot A 


Ht = F°+H’; 
or, expressed in matrix elements 


Of'ke 1 ; 4. 
tHleee tn 


(2.6) 


E® and «&, are respectively the Hamiltonian and the 
set of energy levels in the absence of a variable 
field; k 
quantum numbers 


+ > 
the 


note that all classical magnitudes except 


is a running integer representing the 
To deal with right-hand side of equation 
(2.6) we 
f%E) depend smoothly on energy, so that their 
matrix elements may be calculated quasiclassically; 
the matrix elements of f9(£°) are known. It is clear 
that the non-linear effects ignored in the present 
treatment will always be negligible in a practical 
case; and so retaining the quasiclassical linear 
0, for simpli- 


approximation, we may write (¢ 


city ) 
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fF 0( E)—f 0 EF) 
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Sex) —f (ex) | dE ) 
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Pex) —f (Ex) 
(evE) xx : 
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The system of equations for monochromatic waves 
of frequency w thereupon becomes 


1 v 
curl E i aaa 


{ 1a .\ | ae 
i(ot. ah i AR) (WF Vie/to 


Ce 
f0(ce+—K | —f% ex) 

ok P 

(evE); 4 
Ce 
k 

ok 
j(R) = ef’ [vd(R—T)|_x-. (2.8) 
Here we write dxx’ for dx-x’(R); in the quasi- 
classical approximation the only significant cases 
have |kR—k’| < |Rl. 

It now appears that the quantum-mechanical 
increment to the classical current density is given 
by different formulae according to whether or not 
the constant magnetic field is strictly parallel to the 
metallic surface. These two cases will therefore be 
treated separately. We take two coordinate systems, 
xyz and xlé. The z axis is along the direction of 
the constant magnetic field, the x axis in the plane 
of the surface of the metal; ¢ is measured normal 


to the surface. 


3. QUANTUM-MECHANICAL INCREMENT TO 

THE CLASSICAL CURRENT DENSITY IN A 

MAGNETIC FIELD PARALLEL TO THE SURFACE 
OF THE METAL 

As pointed out in the introduction, the problem 

is materially simplified by the fact that electrons 

hitting the surface of the metal do not contribute 


A METAL 107 


significantly to Aj?. This circumstance is most 
easily understood in the case where the magnetic 
field is parallel to the metal surface; the electrons 
corresponding to the closed section ¢«(p) = «9, 
pz = const. of the Fermi surface do not enter the 
deeper layers of the material; vy ~ dpz/dt = 0. 
In these expressions and subsequently, a bar im- 
plies that an average has been taken over the time 
of revolution of the electron in its orbit. It is there- 
fore quite straightforward to separate the electrons 
into two groups which respectively do and do not 
encounter the surface. For the latter group, in a 
slab bounded by y == 0, ZY; 
P,—pz2(t) 


FY and y(t) (3. 


y(t) 
x eH |c 


throughout the motion, so that 


eH | ’ 
|\D+p,min Py 


pzMax; 


| 
| 


Cc 


the extrema are taken with respect to the time ¢ 
defining the phase in the orbit. It is assumed that 
the magnetic field is not too small, and that 

eH 

| Y, pmax —p,min, 

le | 
The energy spectrum of these electrons is naturally 
independent of the position of the classical centre 
of the orbit, which is determined by Pz; it is in- 
finitely degenerate in P,: 


e = €(0, pz), (3.4) 


where the function e can be found? 


|ehH | 
S(e, pz) \(n+y), y¥ 
é 
and where n is integral. S is the area of the section 
e(p) = €, pz const. 

For electrons hitting the surface the degeneracy 
in Pz is obviously removed, since the fraction of 
the orbit which is executed between collisions with 
the surface depends on the position of the orbit 
centre. It follows that in the evaluation of Aj?, for 
electrons not hitting the surface the summation is 
taken only over n and pz, while for electrons which 
do hit the surface there is a further summation over 
P,. The integration over P; which results in the 
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gives rise to a factor (uH €0)? 1 in 

The foregoing may be illustrated by the example 
of specular reflexion. In this case the energy spec- 
trum of the electrons which collide with the surface 
by (3.5), with S(e, pz, Pz) 


uwain determined ® 


iS agi 


the area of the section 


eH 


const; P;— 


e(n, pz, Px) 


and (2.8) now take on the form 


iwt+/Q)f +(Wf’) lo 


ind by reference 
To extract A7¢ from (3.8a) 
of Poisson’s formula 


we make usS\ 


to ae 


NR” Loud « 


Aj \V) 


(3.8b) 


HiLBert")). It 
shown from (3.8), using a procedure 
that only fo’ makes a 
ution, due to the appearance of 


ee, for example, COURANT and 
r now be 
similar to that of LirsuitTz," 
significant contr 
Of 9/ Ge 
7 
i 


simplicity that the essential factor is the collision of 


he right-hand side. Supposing for 


electrons with impurities, one may write 
of? 
eV, 


Ce np.P; 


fo’ (3.9) 
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where satisfies the classical equation 


i a 
+iw. (3.10) 


to* to 


(3.10) implies that the time fo(p) of free flight can 
always be introduced into a classical discussion of 
the anomalous skin-effect at any temperature. (On 
this point we see the work of AZBEL’ and Kanrr.)) 
From (3.10), 


{—t 
exp| _ 


« 0 


)v(t’)E{ y+ ie 


np.P, + lhQ)—f%enp.p,) 


(evE)); 
LhQ 


Px x) 


p (7)+- y. 
eH 
If there is no such root, corresponding to the fact 


that the electrons have 


p,m —px in 
eH |< 


and do not encounter the surface of the metal, one 
must put 


x. : (3.13) 


(3.11) gives the solution of (3.10) which is periodic 
in ¢ and goes to zero for the reflected electrons at 
y = 0. The latter condition is that for the diffuse 
reflexion of electrons from the surface in a classical 
discussion; the distribution function of the re- 
flected electrons is that for the equilibrium state, 


Y = 0. From (3.8b), (3.9), (3.4) and (3.7), 
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HD) 


CEnp, 


p min 


« 
p ,max 


q 0 By B 


of? 


CEnp.P, 


1 min 
Pz 


Carrying out the integrals by the methods of 
LirsHitz and Kosevicu,®) it may be shown that 
the second and third components of the right- 
hand side are 
substantially smaller magnitude than the first. 
Thus only those electrons which do not collide with 
the surface are important. 

Turning attention to the first integral, we ob- 


tain 

—+. he 
Aj;“y) \ H?y x 
bit Lute 


adi 


din S\2 0AM, 
4 (3.15) 
de oH 
€ Sch) Pz = pz" 
A.M; having been evaluated by Lirsuitz and 
Kosrvicu.®) The sum is taken over all extremal 
sections, and 


po — pr t ) 
y— 


47re? 
u,(t)s 
leH/c 


hBty*-} 


In (3.16) the averaging is performed over ¢ and ¢’ 
for a period of revolution of the electron. 

As the calculation has been carried through for 
variable H and variable chemical potential ¢.,,, and 
as the total number of electrons is physically con- 
served rather than ¢,,,, it would follow that ideally 
the oscillations A¢.,,% of chemical potential should 
be allowed for. However, they may be ignored 
because®1) Ali% ~ (uH/eo)?, whereas Aji? ~ 
~ (wH/eo)*. It will become evident below that this 
is also true in all the other cases to be considered 
(sections 4 and 5) since the amplitude of the oscil- 
lations Aj;% always substantially exceeds the ampli- 


tudes AZ.,,7. 


under the condition (3.3)—of 


4. QUANTUM-MECHANICAL INCREMENT TO 
THE CLASSICAL CURRENT DENSITY IN AN 
OBLIQUE MAGNETIC FIELD 


For simplicity we shall deal only with the most 
straightforward case, which is at the same time the 
most interesting one; that of a strong magnetic 
field with 


(4.1) 


5. being the effective depth of the skin layer. If 
we consider plane sections of the Fermi surface 
normal to the z-axis, the main contribution to Aj¢ 
will come only from electrons near the central sec- 
tion which do not collide with the surface. Indeed, 
it is not difficult to see that Aj? is then always deter- 
mined by electrons which are near to those sections 





p2(t)—py™™ co 
|eH/c 
- 0) 


0). 


e(p) = €0, Pz = pz**t of the Fermi surface whose 
area is an extremum. 
fact that events involving large values of nm ~ 
~ €o/uH > 1 play a prominent part, and because 
where n is close to the limiting value of ¢€, 0n/de ~ 
~ 0S/de = 0, so that | pz—pz"| ~ (2m* eo) *(uH/€o) } 
is considerable (LirsHitz and KosevicH"?-6)), 
Assuming that the angle ® of inclination of the 
constant magnetic field to the surface is of order 
unity, then for all extremal sections of the Fermi 
surface except the central one the average velocity 
of an electron in the depths of the metal is 
ic ~ Gz ~ (e9/m*)*. Such electrons depart into 
the body of the specimen and do not return to the 


This is connected with the 





110 M. YA. 
skin layer. On the central section, in contrast, 
@z = 0; but electrons in the neighbourhood of such 
a section return repeatedly to the skin layer (ac- 
(4 1), Cog O21" ~ (€& HH) *8.6 r £2, 


1/to, they acquire a much larger 


cording to 
Since 02 a, 
directed velocity than electrons not lying near the 
section 


central t follows that Aj? is essentially due 


to the electrons with @, = 0. For the same reason 


the electrons which are scattered diffusely by the 
pass through the skin 


1ce and consequently 


only once between collisions do not affect 


Aj@. In the subsequent calculation, therefore, it will 
be sufficient to consider only electrons of a central 
section which do not encounter the surface and 


] 


: ; 
which, accordingly, 


(3.4) 


have a spectrum given by 


With an inclined field £ depends on @, 1.e. on y 
f' is therefore non-diagonal in pz as well as 

Ince e(n+/, pztpz )—e(2, Pz) IQ+Fzpz', 
(2.7) may be written for the “lower” 


the form 


| l 
w+ /f)+ 
h 


f% €, 


4+1hQ+-p, 
hQ+v-p 


Just as when the field is parallel to the surface, 
under condition (4.1) only the case / 0 is im- 
portant on the central section. The right-hand side 
can therefore be 


written 0f°/den»,. Supposing as ia 


section 3 that 


f'op 


f 


we arrive at a classical equation for ‘’: 


It remains to isolate those electrons which do not 
strike the surface (remembering that the discussion 
concerns only electrons near a central section, for 
which @, = 0). This is a simple matter if we recall 
that only the case / = 0 is significant in a classical 
situation satisfying (4.1). For Aj? is formally 
derived from the classical formula for current den- 
sity merely by substituting 0f°/d¢ for 0f°/denp, and 
replacing an integration over e by the summation 
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over n. It will be understood that the formula thus 
obtained gives Aj? and not the classical j, if only 
5. contribute 
no more than a trifling amount to the current den- 


because the electrons having @;T - 


sity classically. Thus the electrons on a central sec- 
tion not hitting the surface can conveniently be 
separated out by this single device. (Even this 
device could be avoided, using equation (4.4), for 
those electrons hitting the surface after being 
allotted to a narrow region near the extremal sec- 
tion by the condition «9/AQ 1, make no con- 
tribution for the purely classical reason given 
above). 

Let us write the classical formula for the current 
density in the form 


vt dedp-dt 
T r 
| dt 


0 vs 


at) 


dlo xX 


e 


x 6(C—lo—Li(t)¥'(Zo, €, pz, 2). 


where V is a solution of 


dt’ 


If we now choose for fo’ the point where ¢)(t) has a 
minimum, so that 


U-(to ) =O, ve (to ) >; to (4.6) 


to (€, Pz); 


then given that @- = 0, fo will be the coordinate 
describing the top of the trajectory. Electrons not 
hitting the surface ¢ - 0. 
The diameter of an orbit corresponding to the 


0 will then have fo 


central section in the direction ¢ is obviously 
Vy dt, 


in which fg” is the point of maximum (¢(t) and 


u(to’’) =0; ve'(to’’) <0; to’’ = to’(e, pz); (4.6)¢ 
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thus electrons not encountering the 
¢ = Zwill have 


ty!’ 
Cot | Ue dt) GF - 
to’ 


(It is assumed that 


| ech |s( Z—-l— [ od jc 


v, dt}). 


Using O(€, pz)/O(n, pz) 
correct value for Aj@ is to be taken from the for- 
mula 

D— j' ‘ue dt, 


y 


x dlod(f — 7) —Ci(t))¥'(Co, t, enp.s Pz); 
to’ to'(€np.» Pz); ty’ to’ '(€np.» Pz); 


¥'(Zo, €, Pz; t) 


(4.8) 


t—t 
to® )1 v(t )E(Co+fi(t')) dt’. 


(Naturally a finite solution of (4.5) must be taken 
that is periodic in ¢). Aj% can now be obtained by 
use of Poisson’s formula, with the result: 


Aj;4 


ch? 


ur 
to 


|v dt; 


t 


f° T 
a 


° 00 oC 

Nf ‘ 
| e27isn dy | dpz 

hima d 


s=l1 0 x 


CEnp, to* 


surface 


AQ, it follows that the 


4\ e\8H 
3 >J e2nisn dy + dpz° 


exp(— 
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Hence 
dinS ) CAM, 
Xi de CH 


E(); pz 


where the summation is to be taken only over the 
central sections, and 


_ t 
i(t')E;| t- | ve dt; }. 
t 1 


These formulae have the same form as (3.15) and 
(3.16), but are more 
application due to the condition (4.1). 
(4.10) and (4.11) can be said to give Aj? correctly 
in a magnetic field ot any inclination, subject to the 
if the magnetic field is parallel to 

the surface of the metal (z7/2—4 
in (4.10) is to be taken over all extremal sections 
Pa = 2" 2— > deg/1) 


in an oblique field (7/2—¢ 
it runs over only the central sections. 


of considerably restricted 


following rule: 
d._/l) the sum 


5. THE TOTAL SURFACE IMPEDANCE 
A calculation of the total surface impedance re- 
quires the solution of Maxwell’s equations, which 
in the present instance reduce to 


4rriw K 


(5.2) 
together with the relation which has been estab- 


lished between the current density and the electric 


(4.9) 


ty’ 


to* 


-) 96 Hfe-| say(a-s- fs edt |i Jeseres(e—| x dt; } 


t’ 





112 | a ee 


field intensity: 


In (5.1), € refers to a direction in the plane in the 
metal surface perpendicular to x 
Consider first a half-space. Following the 


AZBEL’ 


write 7;(f) in the form ;; 


pro- 


cedure of KAGANOV and KANER, we 


¢}) and continue £j(€) 
into the region @ 0 in an even fashion. We now 


take the Fourier transform of both sides of (5.1) 


) vetting 
, Vetting 


(k)—2E,'(0) 5.4) 


(k)+Aj i(k) U. (5.5) 


] . . 1; +] ‘ arl; 
letermined explicitly in an earlier 
ch contains a number of conclusions we 


For a half-space, Aj;%(A) has 


i(k) %. 


paper ‘*? whi 

, : : 
shall call upen below 
th 


the form 


dln 


Aj 
de 


HH?) k)| 


var 


E;(C) cos kf dl; 7,(k) 
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Only™ large values of k and k’ contribute signi- 
ficantly to the anomalous skin-effect; by the 


method of steepest descents, 


] ° V ke ;(k’) dk’ 


\ k (k+k’) €E 


pz pz2et, OV 
VU; 0 


Evidently in this approximation y;(¢) goes to zero 
with hk, because vy = 0. The is true of 
Je°'(k) ~ ve; the explanation lies in the fact that 
only electrons that are travelling almost parallel to 


same 


the metal surface are important in the anomalous 
skin effect. For this reason the term in e;(k) drops 
out of the formulae for 7,(k), and it is sufficient to 
take the summation only over two indices, x and &, 
of 7. 

This being the case, (5.5) is satisfied automatic- 
ally, and it remains only to solve (5.4). When the 
magnetic field is parallel to the metal surface, the 
asymptotic dependence of 7,“(k) on k& has the 


form") 


S\2 Ad, 


cH 


JC) cos kE dl. 
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- elk aii , 
Ja®(R) ti €g(k) — 


y Top € 
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( k In k/k’e9(h’) dh’ 


—C25| ¢ - acid 
4 k2 — k’2 
0 


r \ he ,(k’) dk’ 
VR(R+R’) }’ 


(sin 6 - sind, cos 8, sin8 cos¢); 


€0, 6 (7 2), 
vy = 0). K is the gaussian curvature at the ap- 


All quantities are to be taken at « 


propriate point, and 1/fp is averaged over the time 
of revolution of an electron in its orbit. 

The situations of greatest importance are those 
1/to) 
‘To discuss these 


of a strong magnetic field (Q > , and of 


resonance (@ = Q, +2Q,...). 
it will be sufficient to leave only the terms in A 


ap 
It will be apparent from equations (5, 6), (5.8) and 


(5.9) that the quantum increment affects only A, g: 


Jah) 


cl 
A 4 pA NAG 431, AA, p4 


In the previous paper™) referred to above, it was 
shown how to derive the total surface impedance 


Zp from A, ». Z, 
E{9) Lauphh ps 


Js>= (c? 'g (0) being the total 
flowing in the dnwsion B. In the particular case 
when the complex tensor A,, is reduced to its 


g is determined by 


4riw)f current 


principal axes, the principal values of 7, may be 


expressed in terms of the principal values of A,: 
oe / 31 
cA 


for a constant magnetic field of ar- 


(5.14) 


In general, 


bitrary magnitude and direction, the accurate 


formula for 7,(k) is extremely unwieldy. Neverthe- 


aN R'€,(R’) dk’) 
V R'(R+R’) J’ 
din S\2 0A4, 


0H € €0, Pz 


less, j,(k) can be written in the following form with 
an error of only a few per cent in the numerical 
factor for the impedance: 


Jal) 


where Aa, 2 is given by (5.12) with vz in place of 
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and where aj,, pz** coincides with Aj, 


8.q/l, but 
The impedance, 


pz" (see equation 5.10) if (7/2)—¢ 
with B 


is now easily expressed in terms of a, 


0 if (7/2)—d > Oug/T. 


The cube root to be taken is the one whose argu- 
(77/6), (77/6)] 
the 


] 


ment lies in the interval [ 


According to these formulae, situation 
where the numbers of electrons and holes are the 
No) is not a special one, as with the 


but in 


same (.\ 
classical part of the high-frequency Z,, 
contrast to the static case. The formulae give the 
impedance in the zeroth and first approximation in 
(uf1/e9)*, and the zero order approximation in 


5.q/r. It is an approximation which reduces to 


zero only in exceptional cases for which vz or 4; 


€0), Pz py; Z 0; 


an example is the case of an isotropic quadratic dis- 


are zero at the point « 


persion law when the constant magnetic field is 
parallel to the surface and coincides in direction 
with the electric field. Equation (5.15) is, more- 


p ext 


that « €0, 


over, inapplicable if the equations pz and 
Us Q the 

pt, ve = 0 together determine a line rather 
than a single point. This occurs, for instance, when 


reduce to Same, SO 


the magnetic field is perpendicular to the surface 
and the dispersion law is isotropic. Since electroas 
with p, = 0 remain in the skin-layer throughout, 
the skin effect for them is normal, and @; = 0, 
fy = 0. The impedance, as given by the zero order 
approximation in (4H/e9)?, becomes zero; to have 
obtained a finite result, terms with / + 0 would 
have had to be included in the sums. 

Electrons with (conserved) v- 0 do not in 
general arrive at the surface of the metal and there- 
fore in this particular exceptional case the calcula- 
tion can be carried through. The skin effect is 
“normal” for the electrons responsible for the 
quantum oscillations and ‘‘anomalous’’ for the re- 


mainder, and so the magnitude of the quantum 
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oscillations is relatively greater than in the static 
case. 
For a quadratic dispersion law a calculation 


(Xp +X2)X1XQ+ Ace x2 
XXX]? X1.XQ+ X2”) 


3) 


Are 


XXX? Xj X2+ X92") 


3) 


shows 


Here N stands for the electron density. The surface 
impedance comes to 
4n7iw E 
c o£ 
28V 36 


wH(26?1/37)? 
czeoN 


(QO) 
~ Z(0)x 
(VO) 


AM 


Z(0) =(V 32rw2l/c4a) bet7/2), 


Thus in a zero order approximation in //d the 
quantum-mechanical increment to the surface im- 
hQ its 
relative amplitude is of the order (AQ/e9)?(1/8)!. 
Finally it may be added that all the above for- 
mulae apply to the situation where electromagnetic 


pedance is purely real, and with kT < 


radiation is incident on one side of a thin metallic 
- d. Since the skin-effect is 
0 are of im- 


foil, so long as J 
anomalous, only electrons with @, 
portance for Ajj; however, those whose paths do 
not lie in the skin layer make no contribution to 
Aji? and consequently the rear surface of the foil 
has no influence on Aj;%. If, on the other hand, the 
foil thickness ZY < d, then in our approximation 


the amplitude of the quantum oscillations of ap- 
propriate period will be zero because x; = 0. (See 
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equation 4.11.) It is therefore possible to deter- 
mine the d and the S,,, corresponding to a given 
oscillation period by studying Z,,(H) in a foil of 
thickness Y < / and observing the magnetic field 
strength at which the amplitude of the quantum 
oscillations having that period suffers a sharp 


increase. 


6. PRINCIPLES OF AN EXPERIMENTAL 
MEASUREMENT OF THE FERMI SURFACE 
LirsHitz and PoGorELov have shown"? that a 

study of the quantum-mechanical oscillations pro- 
vides a convenient method of determining the 
shape of the Fermi surface experimentally. The 
period A(1/H) = eh/cS..,(e0) gives directly the 
extremal areas S,,, of sections of that surface, and 
if S.,, is known for various different directions, 
€(p) = «9 can be deduced. For this purpose 
the study of quantum oscillations in the high- 
frequency conductivity is particularly suitable 
for two reasons. 

Firstly, the conductivity oscillations are in 
general e9/uH > 1 times greater than in the static 
case. In particular it may easily be shown from 
(5.15) that if Z = R+72X, the directly measured 
oscillation amplitudes dR/dH, dX/dH are 
(€o/4H)* > 1 times greater than their classical 
counterparts. Secondly, use can be made of the 
fact that in an oblique magnetic field the oscilla- 
tions do not give all extremal sections, as in the 
static case or with a parallel magnetic field, but 
depend only oa the central section. Thus if mea- 
surements are taken at various angles of inclination 
of the magnetic field the analysis of the data will be 
materially simpler than in the static case, where a 
large number of harmonics with different periodi- 
cities are observed in superposition, 

Measurements on foils of thickness Y < / will 
be particularly valuable, for (as further discussed 
in other papers‘)) a determination of Z, (H) in 
this case permits all the extremal areas to be derived 
without harmonic analysis. 'To achieve this one 
would perform the experiments with an increasing 
magnetic field. The different oscillation periods 
would come into prominence successively, and one 
would note the field strengths at which the ampli- 
tude of an oscillation of some definite period be- 
came abruptly enlarged. At the same time, d is 
determined directly; and a knowledge of d for all 
directions by itself gives the shape of the Fermi 
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surface, at least if it is non-reentrant. In particular, 
on the central section in a parallel field (the special 
features of which are easily isolated by the ad- 
ditional use of an inclined field) d = |(2c/eH) pz™™* 
the maximum being taken in relation to ¢; and so 
by rotating H in the plane of the surface, the shape 
of the section «(p) 0 can be established. 
If foils could be used whose surfaces had a variety 
of different, but definite orientations with respect 
to the crystal axes, «(p) = «9 could be constructed 
directly. 

To determine the velocities at 
Fermi surface, a knowledge of the 
effective mass (1/277)(0,S/Ce),,, 1s required."*) This 
may in principle be determined from the amplitude 
of the quantum oscillations of magnetic suscepti- 
bility.) However, in practice this amplitude 1s 
excessively sensitive to the influence of a number 
of incidental factors such as the mosaic structure of 
the crystals, and in consequence the method of 


€Q, Vy 


the 
extremal 


electron 


quantum oscillations is unsatisfactory. (0S/Ce)..; 
may be determined far more accurately from the 
classical variation in the impedance in a magnetic 
field strictly parallel to the metal surface. The ex- 
tremal masses are given directly@) by the resonant 
frequencies of the cyclotron resonance pheno- 


| 


It is unquestionably much easier to interpret a 


menon: 


os 27eH es 


ce ext we 


curve of superposed resonances than to decipher a 
superposition of quantum-mechanical harmonics. 
Separation of the classical from the quantum- 
mechanical variation in Z,, presents no special 
problem. Both amplitude and period differ; 


dAZ4 dZ¢ 
\AZ4 <|AZe ‘ 
dH | dH 


while as a rule the quantum period is much less 
than the classical one. In an intense magnetic field 
(Q > ) the classical oscillations (cyclotron re- 
sonance) generally vanish, while the quantum ones 
of course remain. Again, in an oblique magnetic 
field only those quantum oscillations are pre- 
served which correspond to the central sections. The 
appropriate quantity to measure is dZ/dH, because 
in the next higher approximation (i.e. taking ac- 
count of the departure from the most extreme form 
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of the anomalous conditions), cyclotron resonance 
fact 
Finally, measurements with a varying frequency 


does in occur even in an inclined field. 
of the h.f. field will also allow the desired separa- 
tion. The period of the quantum oscillations will 
be practically unaltered, while the periods of 
cyclotron resonance vary in proportion to . 
Speaking generally, the most valuable procedure 
is to measure dZ/dH in strong magnetic fields with 


() S Ww 


7. CONCLUSIONS 
the 


high-frequency conductivity are predicted whose 


(1) Quantum-mechanical oscillations of 
amplitude relative to the corresponding classical 


quantity is in general e9/uH > 1 times greater 


than the same relative amplitude of quantum- 


mechanical oscillations of the static conductivity. 
(2) The amplitude of the quantum oscillations in 
dR/dH and dX/dH is (e9/uH)* times greater than 
the classical values of dR dH, dX/dH. 
(3) In an applied magnetic field strictly parallel 
b.q/L), the 
period of the quantum oscillations is determined 


/ 


to the surface of the metal (z7/2—d¢ 


AZBEL’ 


by the properties of all the extremal sections 
pz = pz of the Fermi surface «(p) = eo, thus: 
I eh 


(5) 


On the other hand in an oblique magnetic field 
(7/2—d¢ > 8.q/r) only the central sections pz = 0, 
«(p) 

(4) According to equation (5.16) the tensor im- 
pedance of the surface may be expressed in terms 
a“,+ Aa‘, where 


cS(€, p2e*t) 
ey exert an effect. 


of the tensor a, , 


dd 


27eH 


coS/Ce 


All magnitudes here are taken at vy = 0. /V3 
/ = a 

¢@ is reckoned along the curve ¢(p) €9, Vr = 0, 
K is the gaussian curvature of the Fermi surface; 
S is the area of the section «(p) = eo, pz = const; 
to(p) is the mean free flight time that may always 
be introduced in a discussion of the anomalous 
skin-effect, and 


din S\? cAM, 


| CH 


Oeff l 


Oeft/? ). 


(5) By determining the periods (in applied mag- 
netic field) of both the classical and quantum- 
mechanical oscillations of surface impedance, both 
Sx, and (€S/e).., may be found. The former is 
derived from the quantum period and the latter 
from the resonant frequencies for cyclotron re- 
sonances. In principle a knowledge of these two 
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magnitudes for a number of different directions of 
the magnetic field would lead to a complete deriva- 
tion of the shape of the Fermi surface and of the 
electron velocities on it. A series of measurements 
of Z,,(H) with monocrystalline foils will give, 
firstly, S.,, without the necessity for a complicated 
harmonic analysis; and secondly, will allow the 
Fermi surface to be plotted directly. 

A further communication’) is published sep- 


arately, containing rigorous proofs of some of 


the propositions put forward in this paper, to- 
gether with a more detailed derivation of the equa- 
tions and a discussion of certain additional topics. 
I am greatly indebted to Profs. I. M. Lirsuitz and 
L. D. Lanpau for valuable discussions. 

Note added in proof (April 16, 1958), ‘‘We shall 
make two more remarks. 

1. The essential increase in the 
oscillations takes place at the very low frequencies 
corresponding to the normal skin effect (6 > 1, 
1; wo 1) 


quantum 


Aj; “(t) 


5 S7re7a pe din S ) 2 ¢ AM? . 


L de 


2 
, a | c-to 
Ss 


where Ac,, (H) = the quantum oscillating part of 
the static conductivity (see Lirsuitz I. M. and 
LirsHitz I. M. and Kosrvicu A. M.")) and ais the 
positive root of the determinant Det|o;, (H)— 

as;, 0 (o,, is obtained in reference 9). 

If r > 8, the ratio of the second term to the first 
is of order (€o/ uH)(52/r?). 

2. One can see that in the oblique magnetic 
field there occurs the cyclotron resonance (see 
reference 4) on the quantum oscillation amplitude. 
The resonant part of the amplitude predominates 


if . . 
an | cos® <1- a] 


cos M, 


) €0 
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Thanks to this, the cyclotron resonance frequencies 
(and therefore (0S/de),.,.,) can be measured on one 
sample at all the orientations of H. The investiga- 
tion of one single crystal film (d ~ 10-3 to 10-4 cm) 
allows one to obtain one by one all the (@S/de),,, 
and S.,, without additional harmonic analysis. 
Thus the experimental measurements of Z(H) 
on one single crystal film sample gives the prin- 
cipal possibility of establishing the shape of the 
Fermi surface (knowing the periods of the quan- 
tum oscillations) and the velocities of the electrons 
thereon (knowing the cyclotron resonance fre- 


” 


quencies) 
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1. INTRODUCTION 


distribution coefficient, or segregation con- 
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stant, of an impurity 1s defined as the ratio of the 


concentration of the impurity in the solid to that 
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h it introduces were 


] 


Leonia 
ieved to be negligible 


2. DILUTE SOLUTION MODEL 


by 


The equation derived by ‘THURMOND and 
STRUTHERS was obtained in the following manner: 
The reference state of the impurity was taken as 
the solid impurity at its melting point. The change 
in chemical potential in terms of enthalpy and 
entropy differences was then expressed for the 
transfer of impurity atoms to the host crystal to a 
concentration c* on the hand, and into the 
molten host material to a concentration c! on the 
| potentials of 


one 


+ 


other hand. By setting the chemica 
the impurity in the host crystal and in the melt 
equal to each other it was possible to solve the 
equation for the ratio c*/c!, which, by definition, is 
equal to the distribution coefficient k. In this 
manner the authors arrived at the following ex- 
pression: 
AHt—AHs o—AS* 
+n Y. 
R 


RT 


Ink (1) 


x 
In this equation, k stands for the distribution 
coefficient, AH‘ is the heat of fusion, taken as 
independent of temperature between the melting 
point of the impurity and that of the host crystal, 
and AS' the entropy of fusion of the impurity at 
its melting point. AH® is the differential heat of 
solution of the impurity in the solid host crystal, or 
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the energy necessary to transfer the impurity from 
its own lattice to that of the host crystal. o is the 
change in vibrational entropy as a result of this 
transfer, and y is an “‘activity coefficient’? which 
expresses the departure of the melt from ideal 
solution behavior.* 

In this paper the terms of equation (1) will be 
evaluated, assuming the following conditions to 
prevail: (a) The concentration of the impurity in 
both the solid and the molten host substance is very 
dilute so that the melting point of the host crystal 
is virtually unchanged, and interactions between 
impurity atoms can be neglected. (b) Ionizable im- 
purities, i.e., those of Groups III and V, are fully 
ionized in the solid. Thus, all impurity atoms form 
two-electron bonds with each of the four surround- 
ing host atoms. (c) Impurities other than the one 
under consideration are present only in negligible 
quantities in order to avoid the mass action effects 
described by Reiss and co-workers.) 

Since heats and entropies of fusion can be ob- 
tained from literature data, a theoretical calculation 
of k depends on the estimation of the heats and en- 
tropies of solution, AHS, o and y. 


3. EVALUATION OF HEATS AND ENTROPIES OF 
SOLUTION 


3.1. Heat of solution in the solid, AH® 

3.1.1. Energy cycle. We can redefine AH as the 
energy necessary to replace one gram atom of the 
host crystal by one gram atom of the impurity 
taken from a reservoir of the crystalline impurity. 
To estimate this energy we postulate the following 
process: We first create one gram atom of vacancies 
in the host crystal, spaced far apart since we are 
dealing with very dilute solutions; we then con- 
dense the atoms taken from the bulk of the crystal 
on its surface. One gram atom of impurity is then 
evaporated from the solid crystalline reservoir and 
condensed in the vacancies. The total energy for 
the process is given by: 


AHS’ = 4ey—Hy+Ha—Ha_n. (2) 


where ey is the bond energy of the host crystal, in 


* 'T'wo substances are said to form an ideal solution if 
there are neither heat effects nor volume changes upon 
mixing. The entropy of mixing can then be calculated on 
the assumption of complete randomness in the occupa- 
tion of the available sites. Such solutions obey Raoult’s 
Law. ‘*) 
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which each atom is surrounded by four neighbors, 
and H}’ is its heat of sublimation to a monatomic 
gas. H,’ is the heat of sublimation of the im- 
purity to a monatomic gas at the same tempera- 
ture, and H,- is the energy released by the 
impurity atom upon condensation in the vacancy. 
The temperature for which we compute this pro- 
cess is not very important since the value for AH® 
at a given temperature 7 should differ from that 
calculated at the melting point of the host crystal 


T 
Ty at most by Py AC,dT where AC, is the 


difference in heat capacity between the host crystal 
and the impurity crystal. For any reasonable tem- 
perature 7’, such as the melting points of the im- 
purities considered here, this correction is neg- 
ligible. For the sake of simplicity, the temperature 
was chosen as that of the melting point of the host 
crystal. The heats of sublimation of the impurities 
considered here, all of which have melting points 
below those of germanium and silicon, were taken 
as the heat of vaporization of the molten impurities 
plus the heat of fusion.* 

Since, in the case of the diamond lattice, the 
heat of sublimation is just twice the bond energy 
between atoms,), we can rewrite equation (2) in 
the form: 


AHs = Hy’ +H,’ —Ha_n. (3) 


We shall assume that Hx can be broken into 
two components, a bonding energy E”, and a strain 
energy £', so that equation (3) becomes: 

AHs = HyY+H,Y —EP+ E**t, (4) 
The bonding energy represents the heat liberated 
as a result of the formation of chemical bonds by 
the impurity to its four neighboring host atoms. 
The strain energy represents heat which must be 
supplied if the impurity atom differs in size from 
the host atom, and thus introduces strain into the 
lattice. We shall assign a positive sign to both E” 
and Fst, 
3.1.2. Strain energy. When a host atom is re- 
placed by an impurity atom whose normal tetra- 
hedral radius) differs from that of the host atom 
by Ar, the four nearest neighbors move out radially 


+ In the case of arsenic no value was available for the 
heat of vaporization of molten arsenic; an extrapolated 
value was used instead. 
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by an amount Ar, which is less than Ar because of 


the compression of the impurity-host atom bonds.* 
The displacement of the four nearest neighbors of 
the first shell will push the atoms of the second 
shell outward by an amount Arg, which in turn 
will displace the atoms of the third shell by Ara, 
and so forth. Because of the resistance of the atoms 
to displacement from their normal positions, 


Ary Aro Are 


out rapidly 


_so that the disturbance dies 


To simplify our calculations we shall ignore the 
atomistic nature of the displacements beyond the 
shell comprising the four nearest neighbors, and 
approximate the host material beyond this shell by 
medium of 

1). Assuming Hooke’s Law and 


a continuous macroscopic elastic 


properties (Fig 


strain energy 


theory, the 


the n be expresse¢ d by — 


\°-+ 827Gro(Ar))*. 


ist 4x }eK(Ar—Ar 


The first term represents the compression of the 
four impurity-host atom bonds, and would equal 
zero if these bonds were incompressible so that the 
four nearest neighbors move out by an amount Ar. 
The stiffness constant of these bonds is written as 
gK., where K 


host atoms, and g is a dimensionless 


S 


is the force constant between two 
parameter of 
the order of unity. The second term represents the 
energy stored in the surrounding matrix by the 
expansion of a cavity of radius 79 (i.e. the inter- 
atomic distance in the host crystal) by an amount 
Ar; (see for example ref. 10). G represents the 
shear modulus of elasticity of the host crystal. 


* In the ving argument it will be assumed that the 


impurity atom is larger than the host atom, which is the 


case for the ma of the impurities considered here. 


The for smaller impurity 
however, differ substantially from the one presented here. 


ority 


treatment atoms does not, 


WEISER 
We can eliminate Ar; from equation (5) by the 
requirement 
dks 
d(Ar)) 


490K .(Ar—Ar,)+ 167GroAr, = 0 
(6a) 


Ar; 
Ar 


22Ke- 


‘ (6b) 
29K-+87Gro 


In the absence of a generally agreed upon value 
for the stiffness constant K. of germanium or 
silicon bonds we shall proceed as follows: In the 
case of a simple, monatomic cubic lattice with only 
nearest neighbor forces of importance, K1TTEL has 
shown!) that the stiffness constant of the bonds 
is equal to the lattice constant multiplied by one of 
the elastic stiffness constants of the lattice, cj}. 
For this particular case (cjg = 0), cy, equals the 
inverse of the linear compressibility, which for 
cubic crystals equals c;;-+2cj2 (see for example ref. 
12). We shall therefore assume that, in general for a 
cubic crystal, the stiffness constant is proportional 
to the inverse of the linear compressibility, the 
proportionality constant being approximately equal 
to the lattice constant: 


(7) 


where a is the lattice constant, and cj; and cjg are 
m is a dimensionless 


Ke = ma(cy,+2c12) 


elastic stiffness constants: 


proportionality factor of the order of unity.* Sub- 
stituting equation (7) into equation (6b) we thus 


The fol-owing argument, due to R. N. HA. of the 
Laboratory, suggests that m 
The bulk compressibility 


General Electric Research 
is identically equal to unity: 
2¢,2), provided only 


11) Let the inter- 


B of a cubic crystal equals 1/3 (c,, 
nearest neighbor forces are considered 
atomic distances in a unit cell of volume V change by 7, 
Now, AV/V<= Ar/r, 
and the energy W required for this volume change is 
given by W 1/2BV(AV/V)? 9 2BV(Ar/r)*. In the 
diamond lattice the interatomic distance 7 is equal to 
\/3/4a, where a is the lattice constant. The energy W can 
therefore be rewritten as W 24Ba(Ar)*. A unit cell 
contains eight atoms and sixteen bonds. The energy 
required to compress these bonds is equal to W = 1/2 x 
16K.(Ar)*. Equating these values for W we find that 
K 3aB = a(c;,;+2c,.), which is identical with equa- 
tion (7) for m 1 


resulting in a volume change AV 
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obtain: 
2gm(aci1+2aci2) 
2gm/(aci,+ 2ac}2)+ 87Gro 
2¢'(ac11+ 2aci2) 
22'(aci1 + 2aci2)+87Gro (8) 


where we have combined the constants g and m 
into g’. The ratio Ar;/Ar can thus be evaluated 
from values of the elastic stiffness constants of the 
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(10) 
g 2 

+47 x 104 - jar for Si. 

15+" 

The value of the strain energy thus depends on the 
choice of the empirical parameter g’ which we 
require to be of the order of unity. The value of 
g’ which gave the best overall agreement of cal- 
culated and experimental values of the distribu- 


Table 1 


(all values in c.g.s. 


(11) 11 
1 C12 


Cj 


1012 
102 


0-48 
0-64 


10}? 
10!2 


Ge 1:29 
Si 1:66 


crystal cj; and cjg, the shear modulus G, the inter- 
atomic distance ro, and the lattice constant a. 
Table 1 lists values for these parameters in c.g.s. 
units at room temperature. 

Substituting these values into equation (8) we ob- 
tain: 


g 
for Si. 
1-5+9' 

It is clear that a weak impurity-host atom stiffness 
constant causes the difference in atomic radii to be 
taken up largely by the compression of the im- 
purity-host atom bonds (Ar; < Ar) while a strong 
stiffness constant leads to increasing absorption by 
the lattice (Ar; — Ar). Finally, substituting equa- 
tion (9) into equation (5) and usir g the appropriate 
values for G and ro, we can express the strain 
energy function of Ar: 


og 


1-6+2' 


Est ) + 


25x 104g’(1— 


+41 x 104 


) Jan for Ge 


1-6+9' 


units) 


Gis) 
6°7 10! 
5:0 


10" 


tion coefficient 0-7. Thus, the strain 


energy was computed from: 


was g’ 


Est — 12x 104Ar?(ergs/atom) 


17 x 10?°Ar?(cals/g atom) for Ge 
15 x 104Ar?(ergs/atom) 
22 x 10?9Ar?(cals/g atom) for Si. 


3.1.3. Bonding energy. To calculate the bonding 
energy E” of equation (4) we shall find it convenient 
to treat the case of Group IV impurities separately 
from that of the ionizable impurities of Group III 
and V. For Group IV impurities, Z” is simply 
equal to the energy of four impurity-host atom 
bonds. This energy will be estimated on the basis 
of a rule recently suggested by ALLEN, “*? accord- 
ing to which the energy of a bond, «an, between 
atoms A and H is given by: 


l 1/ 1 
+ (12) 


€AH 2 €AA CHH 


where €,q and eyy are the energies of the bonds 
between atoms A and A, and H and H respec- 
tively. This rule combines the observation of the 
additivity of covalent radii, and the rule that bond 
energies for a series of diatomic molecules in- 
volving analogous electronic configurations (e.g., 
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Se, Seo, Tes) are inversely proportional to the 
interatomic distance. 

The bond energies of Group IV elements in the 
diamond lattice configuration are equal to one half 
the heat of sublimation.) The heat of vaporiza- 
tion of grey tin is not known, but can be taken as 
equal to that of white tin, since the heat of trans- 
formation, about 500 calories, 1) is negligible com- 
pared to the heat of sublimation, 71,900 calories, 
at the transformation temperature.“6 By analogy, 
we shall assume that the heat of transformation 
from lead to a hypothetical “grey” lead is also 
negligible compared to the heat of vaporization. 
We shall therefore take as the bond energy for all 
Group IV elements one half the heat of vaporiza- 
tion of the elements at their melting point: 


LY. (13) 


€AA 
‘rom equations (12) and (13) we can thus write 
From equations (12) 1 (13) v “an thus it 
the following expression for the bonding energy 
E?: 


E> = 4eay (14) 


n the case of Group III and V elements, 
equation (13) is no longer true, and furthermore 
the impurities must undergo considerable changes 
during the transfer from their own lattice to the 
host lattice, since their electronic configurations 
must be altered in order to be tetrahedrally bonded 
to their nearest neighbors. In addition, the im- 
purity acquires an electrical charge either by re- 
leasing an electron to the conduction band of the 
host crystal (donors), or by acquiring an electron 
from the valence band (acceptor). Nevertheless, it 
was found that equation (14) gave satisfactory 
results for the ionizable impurities of Groups III 
and V as well as for Group IV impurities. 

We finally incorporate equation (14) into equa- 
tion (4), and obtain for the heat of solid solution: 


1 


+ Fst 


AHs 
(15a) 


1/ 1 l 
Hy* +H — +——} 
4\ HY HAav/. 


(HyY—H,’)? 
Hy’ +H 4% 
Eab+ Est 


(15b) 


(15c) 
where EA” equals (HyY—H,’)*/Hy’+A a’. 


We have introduced a new symbol, £4, which 
stands for that part of the heat of solid solution 
which is due to a difference in bond energies in the 
host crystal and in the impurity crystal. 


3.2. Change in vibrational entropy 

The term o of equation (1) represents the change 
in vibrational entropy of the system as the im- 
purity is transferred from its own lattice at the 
melting point 7’, to that of the host lattice at the 
melting point 7}. We can estimate the magnitude 
of o from the following argument: At tempera- 
tures considerably above the Debye temperature 
of a crystal the vibrational entropy per atom Sv" 
can be expressed by:%?) 


Svibr. = 4k+ 3k ln kRT/hv™ (16) 
provided that the crystal has zero entropy at the 
absolute zero. In this equation, k is Boltzmann’s 
constant, # is Planck’s constant, and v” is the 
frequency of the highest vibrational mode of the 
crystal. 

If we make the reasonable assumption that the 
vibrational spectrum of the host crystal will re- 
main virtually unchanged by the introduction of 
a few impurity atoms, the change in vibrational 
entropy accompanying the transfer of the impurity 


atom will be given by: 


ASvibr. = (4k+ 3k In RT y/hvy™) — 


—(4k+3k In RT 4/hvy™) (17) 


Tyva™ 
3k In 
T'avn™ 


where the symbols have been defined above, and 
the subscripts A and H stand for impurity crystal 
and host crystal respectively. Substituting k@ for 
hv™ 7), where 6 is the Debye temperature, we 
finally obtain: 

THO 


3k In— 
T Oy 


ASvibr (18) 


An examination of the Debye temperatures and 
melting points of germanium and silicon and of the 
impurities considered here, indicates that the ratio 
T94/T40y is of the order of unity. We shall there- 
fore neglect o in our calculations. 
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3.3. Heat of solution and excess entropy of solution 
in the melt 

The activity coefficient of the impurity in the 
melt, y, represents a heat of solution and an excess 
entropy of solution;"8) for ideal solutions y equals 
one. From an examination of the liquidus curves 
of germanium and silicon with the impurities of 
Groups III, IV and V considered here, THur- 
MOND"9) concluded that these solutions exhibit 
“regular solution” behavior, 1.e. that they show 
an ideal entropy of mixing but exhibit heat of 
mixing. The activity coefficient of the impurity 
could thus be expressed by an “‘interaction para- 
meter” b: 


1 —x2)b/RT. (19 
) 


The impurity atom fraction, x, is negligible com- 
pared to unity for the very dilute solutions con- 
sidered here, and T is essentially the melting point 
of the host crystal, Tx, so that: 


b/RTy “wee tf. 


In y 


In y : (20) 


THURMOND has tabulated the values of b for the 
various impurities in germanium and silicon so that 
y can be computed from equation (20). 


4. RESULTS OF CALCULATIONS 


It is now possible to evaluate all the terms ap- 
pearing in equation (1). AH’ and AS‘ were ob- 
tained from the compilation of thermodynamic data 
by STULL and Srmxe. 9) AHS was computed from 
equation (15) using equation (11) to evaluate the 
strain energy. The heats of sublimation used to 
calculate E4” were taken from STULL and SIMKE0) 
o was neglected, as explained in Section 3.2, and In 
y was computed from equation (20). 

Table 2 lists the experimentally determined 
values of b, and the calculated values for E4" and 
E*t, as well as the total heat of solution, AH. Also 
listed are the values of Ar, the difference in tetra- 
hedral covalent radii between the host atom and 
the impurity atom. Table 3 gives the calculated 
and experimental values for the distribution 
coefficients. 

An examination of Table 3 reveals that agree- 
ment between calculated and experimental values 
of the distribution coefficients is quite good for 
most impurities. In all but three of the fifteen cases 
calculated the agreement is better than half an 
order of magnitude. In almost half the cases the 
agreement is better than a factor of two. The values 


Table 2. Experimental values of 6. Calculated values of the heat of solution due to difference in bond 
strengths (E*°), strain energy (E*') and total heat of solution (AH®) in kcal/g atom of impurity; Ar is 
difference in atomic radu of host atom and impurity atom 


Pb 


0-24 








b(kcal) 


E4°(kcal) 


(a) Impurity 
in Ge 





E"(kcal) 5:7 


AH*(kcal) 8-0 


0:23 


b(kcal) 5:2 





(b) Impurity 
in Si 6:0 


E*(keal) 11-6 


AH*(keal) 


EA%(kcal) 





17°6 








Ga In 


0:22 


Bi Al 


0:14 0-24 0-04 


0-04 





0:87 





0-09 0-09 
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Table 3. Calculated and experimental values of distribution coefficients 


Sni3.5 Pb‘®) 


0-02 0-0001 


0-02 00-0004 


U-UUS 


0-020 


range over five orders of magnitude 


The disagree- 
in the three exceptions, antimony in ger- 
um and aluminum and arsenic in silicon, is up 

to one and a half orders of magnitude 
No results were listed for boron, phosphorus 
and germanium-silicon system because the values 
of b were not known. Calculations were, neverthe- 
less, carried out with assumed values of 6. In the 
case of phosphorus, b’s equal to those for arsenic 
were chosen, and good agreement with experiment 


was found 


in both germanium and silicon. In the 
case of germanium-silicon system, the assumption 

made that the melt behaves ideally, 1.e. b = 0, 
and with this assumption good agreement was also 
hand, the 


coefficients calculated for boron both in germanium 


( d. On the other distribution 


and silicon were too low by approximately two 


orders of magnitude, 


with an assumed value of 
b =). It is probably that the strain energy for 
boron was overestimated with the use of equation 
(11) since the difference in atomic radii, e.g. 0-34 A 
in germanium, is so large that anharmonic terms 

ay become important: this factor alone would 
not, however, suffice to explain the large disagre e- 


Itn ¢€ xpe riment 


5. DISCUSSION 
An examination of the terms entering into the 
calculation of k, (equation (1)) reveals that the 
heat of solid solution, AH, is by far the dominant 
term. In the model chosen, a calculation of AHS 
depends on an evaluation of E+ and Ft, and itis 
of interest to compare their values for various 


Table 2 shows that Et increases as the 
AD 


impurities 


square of Ar (equation (11)) and that also 


Sb(1,2,3) 
0-020 


0-003 


0-003 


0-010 


Bi) = AI@.3) TI®) 


0-00004 0-10 0-0008 0-00001 


0-00004 0-10 00-0010 0-00004 


0-040 0-0003 


0-001 0-0005 


increases with increasing Ar. Thus the total heat of 
solution increases with increasing Ar, leading to 
smaller values of k. The increase in £4” with in- 
creasing Ar is the result of the decrease in the heat 
of sublimation of elements as their atomic radii in- 
crease; from equation (14) it is seen that this re- 
sults in a smaller bonding energy. We also note 
from Table 2 that the strain energy reaches a 
maximum of about three quarters of the total heat 
of solid solution for tin in germanium. 

It is surprising that the method used to cal- 
culate the bonding energy for Group IV impurities 
could be applied without change to those of Group 
III and V. The role of the excess electron or hole, 
and the effect of the impurity charge remain to be 
investigated. 

The use of equation (11) for the calculation of 
the strain energy involves the use of an empirical 
parameter g’ which we required to be of the order 
of unity. To give an idea of the sensitivity of the 
results to the choice of g’, it can be pointed out that 
the distribution coefficient of thallium in german- 
ium (maximum Ar) would be approximately one 
half an order of magnitude smaller if the strain 
energy had been calculated with g’ equal to unity. 
The fact that the same value of g’ could be used for 
all the impurities in germanium and silicon in- 
dicates that the stiffness constant of the impurity- 
host atom bond 1s essentially equal to that between 
two host atoms, 1.e., g ~ 1 

Data of the temperature dependence of k close 
to the melting point of the host crystal would yield 
heats and entropies of solution in the very dilute 
solution range considered here, and would thus 
constitute a sensitive test of the theory. In the 
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original publication of THURMOND and Srrut- 
HERS"!) the temperature dependence of the distri- 
bution coefficient of antimony in germanium was 
investigated. Two conflicting values for the heat of 
solid solution were given (55,400 cal and 23,100 
cal), both of which are much higher than the one 
calculated here, namely 9200 cal. This disagree- 
ment is, of course, in line with the disagreement 
between experimental and theoretical values for 
the distribution itself. The data on 
various impurities in germanium which were ob- 
tained by ‘THURMOND, TRUMBORE and KowaL- 


coefficient 


Cuik) were generally taken well below 900 C and 
then extrapolated to the melting point; the cal- 
culation of heats of solution near the melting point 
does not therefore seem justified. The distribution 
coefficient of tin in germanium was investigated 
near the melting point by TRuMBoRE™) but the 
scatter of points obscures any temperature de- 
pendence of k. From both investigations it ap- 
pears that the rate of decrease of k with temperature 
decreases with decreasing temperature, in some 
cases even leading to a flat log k& vs. 1/7 at low tem- 
peratures. These phenomena, dealing with more 
concentrated solutions, are outside the scope of the 
model developed here. For other impurities than 
the ones considered here, however, e.g. Ag, N1, 
Cu, Hai!) found from an examination of the 
literature that log & plotted against 1/7' does give 
straight lines over a fairly wide concentration 
range. 

In conclusion, it should be pointed out that the 
approach of breaking up the heat of solid solution 
of an impurity into an electronic component and 
strain component has been used by other authors 
in treating metallic systems. 22) What distinguishes 
the case of impurities in a diamond lattice is the 
existence of well defined, localized bonds between 
the host atoms and the impurity. As a result, the 
compression of these bonds must be considered in 
calculating strain energies, and the bonding energy 
of the impurity atom can be calculated from simple 


empirical rules governing the strength of covalent 


chemical bonds. 


SUMMARY 
The values for the distribution coefficients of 
Group III, IV, and V impurities in germanium 
and silicon have been calculated on the basis of a 
simple model. The crystalline impurity was 


IMPURITIES 


IN GERMANIUM AND SILICON 


chosen as the reference state, and the change in 
enthalpy and entropy was estimated for the transfer 
of impurity atoms to the solid and the molten host 
substance respectively. The major factor which 
determines the value of the distribution coefficient 
was found to be the heat of solid solution. This 
could be estimated by postulating a stepwise 
process for the transfer of an impurity atom from 
its own lattice to the host lattice, and by calculat- 
ing the energy needed for each step. It was neces- 
sary to estimate the bonding energy of the impur- 
ity atom in the host crystal, and the strain energy 
which it introduces by virtue of a difference in 
size. he change in vibrational entropy of the im- 
purity atom for the transfer from its own lattice to 
the host lattice is believed to be negligible. 
Agreement between calculated and experimental 


values was very satisfactory. 
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Abstract—The quadratic photoelectromagnetic (P.E.M.) effect observed by K1KoIn and Noskov in 
cuprite has been observed in germanium and silicon. The effect occurs when the magnetic field B is 
rotated an angle ¢ about an axis lying in the illuminated face and perpendicular to the primitive 
direction of B. The linear effect is produced by the component Bcos ¢ of B, while the quadratic 
effect is produced by the action of Bsin ¢ on the electric current generated by Bcos ¢. From this 
elementary argument the quadratic P.E.M. effect should be proportional to B? sin ¢ cos ¢. A part of 
the effect is produced by the action of a magnetic field on a current produced by the action of a mag- 
netic field on the diffusion current of the injected carriers. Calculating this term, one finds the same 
type of average of the collision time as appears in the magnetoresistance coefficients. Consequently, 
the effect becomes anisotropic and, instead of being proportional to B* sin 24, is proportional to 
B?[{sin(2¢+ A)+g], where A and g are functions of the constants of the semiconductor and the 
orientation of the sample. For certain simple orientations (such as the crystallographic axes) A = 0 
and g = 0. The ratio of the quadratic to the linear P.E.M. fields is, for small light intensities, a 
function only of the Hall angles, the magnetoresistance coefficients of electrons and holes, the im- 
purity concentration, and the magnetic field. Agreement between theory and experiment is satis- 


factory. 


1. INTRODUCTION transverse electric field produced by the action of a 
THE photoelectromagnetic or P.E.M. effect was magnetic field on a diffusion current of holes and 
discovered by KikoIN and Noskov") in 1934, and electrons generated by the absorption of light at 
its theoretical interpretation given by FRENKEL”) one face of a semiconductor. If the magnetic field 
in the same year. The discovery of KikoIN and is perpendicular to the diffusion currents, one 
NosKov was made on cuprite at liquid-air tem- obtains the effect called in this article the first- 
perature; the effect was not observable at room order or linear P.E.M. effect. When the magnetic 
temperature. Since 1953 the effect has been studied _ field is not perpendicular to the diffusion currents, 
in germanium®-615) and in other semicon- there is an additional effect proportional to the 
ductors.‘7:8) The effect can be applied to the mea- square of the magnetic field for small values of the 
surement of the recombination times and the sur- magnetic field. We shall call this the second-order 
face recombination velocities of injected carriersin or quadratic P.E.M. effect. The theory and ex- 
semiconductors. 4-5-10.11,12.17) Recently the theory perimental observation of the quadratic P.E.M. 
of the first-order P.E.M. effect has been developed effect in germanium, silicon, and indium anti- 
with great generality"?-15) and experimentally monide are the subject of this paper. 
verified. 4) The P.E.M. effect can be defined as the 

2. THE FIRST-ORDER P.E.M. EFFECT 


* This work was supported in part by the Office of In this section we shall limit ourselves to a few 
lav >searc ar Cc act with Harvard Univer- . . r 41 ¢ : 
Naval Research, under contract with Harvarc remarks which will be useful for our further devel- 


sity. f : mye 
. , . , opment of the theory of the second-order P.E.M. 

+ M.C. gratefully acknowledges financial support from ae S ; 
effect. The geometry and experimental configura- 


the Institute of International Education during the : , 
summer of 1957. tion used for the measurement of the first-order 
127 
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P.E.M. effect are shown in Fig. 1. In developing 
the theory of the P.E.M 


in infinite slab of thickness ¢, that the 


effect, it is assumed that 


tion of the 


semiconductor is predomin- 
within the 
light is ab- 


the 
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where the diffusion coefficient D, is related to the 
pekT Je. 

Under the conditions mentioned, the first-order 
P.E.M. field is given by 


mobility ye by the Einstein relation D, 


(ven tenn) B [ [dx 
(1) 


(He+pen) J, (m—no) dx 


where jie and jp are the electron and hole conduc- 
tion mobilities and pey, pay are the electron and 
hole Hall mobilities, respectively. J; is the com- 
ponent of the hole current density along x. Both 
I, and (n—no) are proportional to the illumination 
U, as can be seen from the solution of the diffusion 


equation in the x direction. Hence, 


where 4 and 3 de pend on t 
the semiconductor. When [ 
When U is large, E, 1B 
ain the recombination time, provided the thick- 
diffusion length L. 
can obtain the 


he physical constants of 
is small, Ey, oc UB. 


From «B we can ob- 


is much larger than the 


on the other hand, ¢ L., we 


f ; ‘ = , 
surface recombination velocity s 





P.E.M 


3. THE QUADRATIC P.E.M. EFFECT 
(a) General 
We next assume that the magnetic field B is 
turned in the xz plane to form an angle ¢ with the 
An elementary treatment ®-4) simply 
demonstrates that there exists a quadratic P.E.M. 


z axis (Fig. 2) 


field“-2:4) between the faces of the semiconductor 
perpendicular to the z axis which is proportional to 
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B? sin ¢ cos ¢. Our treatment will show that this 
proportionality is an approximation which is some- 
times quite poor. 

A field similarly quadratic in B always exists 
between the illuminated and non-illuminated faces 
of the semiconductor, in addition to the Dember 
field.* This field is caused by the action of B; on Jy. 


(b) Theory of the quadratic P.E.M. effect 

In our theory of the quadratic P.E.M. effect, we 
shall assume U small, so that the injected carrier 
density is small compared with the equilibrium 
majority carrier density and the first-order P.E.M. 
field is linear in U. This condition is always satis- 
fied in our experimental work on the strongly n- 
and p-type samples. The generalization of the 
theory for the case in which this condition is not 
satisfied has been carried out by the authors, but 
the formulae become extremely complicated with- 
out adding any physical insight to the pheno- 
menon. 

We shall also assume that the first-order P.E.M. 
effect is linear in B. Under these conditions equa- 
tion (1) reduces to 


B cosd(uen+penn) ct 
| I(x) dx. 


oot “@ 
The electron current density along y is 
Ly —I1,(x)B cos ¢ hen + Eyeuen 
and the hole current density 
Lon —I1,(x)B cos ¢ unn+ Eyeunp. 


Using equation (3), 


[(X)ueH— 


bas —Bcosd 


HeH+LnH 
_ een | L(x) | 


oot 0 
Tyn —B cosa 1,(x)urH— 


Men HhH 
— eunp | I(x) dx . 
50 * “0 
* The Dember voltage is the voltage that appears 
between the illuminated and non-illuminated (opposite) 
faces of a slab of semiconductor. '*) 
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Each of these currents produces a Hall effect under 
the action of the x component of the magnetic field 
B sin ¢. The Hall current density along z is found 
by multiplying the electron and hole current den- 
sities along y by the Hall angles p,yB sin ¢ and 
unnB sin ¢. This is rigorously true for the fractions 
of I, produced by the action of the electric field 
along y on the free carriers existing in the sample, 
but, as we shall see, it is not true for the fraction J, 
produced when B deviates the current along x. To 
take into account this fact, which we shall study in 
detail later, we shall write py’ instead of yy in the 
contribution to the quadratic P.E.M. effect of the 
injected carriers that are deviated twice by the 
magnetic field. The current density along z will be 


given by 
I, = B* cos¢d sin g| [(unu *—pPen *)+ 


(Heo +n )e( Neen — PiLnenH) 


Imposing the condition I,dx = 0, together with 
J0 
CE,/¢x = 0, we obtain 


B2 cos¢d sind 
| I(x) dx x 
oot “0 
te  . (MeH + HhH)e(MHeeH — PLnenH) 
X | MaH “—MeH “+ 
00 * t 
(4) 
We can then write the ratio of the second-order to 
the first-order P.E.M. voltages as 
- BAzsind 
= x 
Vy Ay 


e(NpeLeH —PUn-LnH) 


UhH “—MeH 2 
x + 


MeH+LhH 60 


where Ay and Az are the dimensions of the semi- 
conductor in the y and z directions, respectively. 
If we now assume p'ey = pen and p'nH = paw”? 
reduces to 
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V, BAzsind 
= x 
Vy Ay 


e(NLeeH —Pin-nH) 
x heeled . (0) 


60 


If the sample is strongly extrinsic, for instance 
n-type, then equation (6) reduces to 


V. BAzsind 
Vy 


Lh: (7) 


However, we find experimentally that the value of 
uny determined in this way is quite different from 
the value obtained directly from Hall effect and 
conductivity measurements. The reason is that 
L eH is 


our hypothesis LAH Ht hH and MeH 


wrong 


(c) The planar Hall effect 

We shall now study the planar Hall effect, which 
is the analogue of the quadratic P.E.M. effect, with 
a conduction current in the x direction substituted 
for the diffusion current. The first-order Hall effect 
is along the y direction and the planar or second- 
order Hall effect along the z direction. The current 
along the y direction due to the first-order Hall 
effect is composed of two parts. One is produced 
by the action of the magnetic field on the current 
along x and the other by the action of the electric 
field along y on the free carriers inside our sample. 
The sum of the currents must be zero. If the cur- 
rent produced by the action of the magnetic field 
behaves under the action of the component along x 
of the magnetic field in the same way as an electric 
current, then there can be no net Hall effect along 
the z direction. In fact, we find a second-order 
Hall effect along the z direction.“8) Now, accord- 
ing to the phenomenological interpretation we 
have given of the second-order P.E.M. effect, the 
current produced by the action of the x-component 
of the magnetic field on the current along y pro- 
duced by the action of the z component of the 
magnetic field on the current along x, will be pro- 
portional to 72, while the current produced by 
the action of the x-component of the magnetic 
field on the current along y produced by the action 
of the electric field along y on the free carriers will 
be proportional to uy?. In order to give an in- 
tuitive picture of why py’ is not equal to zy, we 
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calculate the planar Hall effect, using the pictorial 
kinetic method") in the appendix. This analysis 
shows that 


PH “—pH" 


(8) 


where € is the transverse magnetoresistance coefh- 
cient given by 


eH” and py’? contain different averages of the re- 
laxation time 7 of the carriers. The quadratic 
P.E.M. effect is closely related to the planar Hall 
effect and the magnetoresistance. If we assume that 
the scattering is due only to collisions with longi- 
tudinal acoustical phonons, equation (8) gives 


On T 
fH -—pH H(—) (1-2). 


Use of this formula also incorrectly predicts the 
observed quadratic P.E.M. field; the predicted 
values of the magnetoresistance and planar Hall 
effect, similarly, do not agree with experiment. The 
discrepancy is understandable if we remember that 
the assumptions underlying the last formula do not 
apply to germanium, which has a non-isotropic 
electron mass and two types of holes. In view of 
the difficulties involved in interpreting the mag- 
netoresistance of p-type germanium in terms of its 
band structure and the carrier scattering mechan- 
isms, we have decided instead to try to interpret 
the P.E.M. results in terms of the phenomeno- 
logical theory of magnetoresistance and _ the 
experimental values of the magnetoresistance 


coefficients. 


(d) Phenomenological theory of the magnetoresistance, 
the planar Hall effect, and the quadratic P.E.M. 
effect 

The electric current density in a cubic semi- 
conductor under the action of an electric and mag- 
netic field is given by °°) 


I = o9E+aE x B+fEB?+yB(E- B)+8[B2]E, 
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where [B?] is a second-order tensor whose com- 
ponents with respect to the crystallographic axes 
are 


[Be] - 


Assuming F and B to be small, so that powers of E 
greater than the first and of B greater than the 
second can be neglected, we find 
E = po[I+a(1x B)+b1B?+cB(I- B)+dIB?| 

where 

a —ap d — dp 

b — (B+ pox?)po po = 1/60. 

¢ =(y—pox")po 
Referring the last equation to any system of ortho- 
gonal axes, we obtain 


E; = po[Ist+a(Ix B);+61;B?+cB (I> B)+ 


+d > I sApsArs ArsAys Bs Bs| 


rs’s”’s3"” 


where a, are the direction cosines of the new axes 
with respect to the crystallographic axes of the 
semiconductor. For the configuration of the planar 
Hall effect, we have 


I=I, By=0 B,/B,=tan¢. 


The electric field along z is given by 
Ez = poclzBxBz+ pod! z[(Xsaszx%asz) Bx? + 
+(Xsdsxds2")By?+2BzB Xssx7a527) | 
that is 
[,B?[G sin (26 +A)+¢] (9) 
where 
G = po{[Se+dX5(asxas2") P+ 
+ 4d? Y sAsz°As2— Asz° Asx |*} i 
& = 4dpo[Xs(Asx°asz+AsxAsz*) | 
Xs(As22Asz—AsxAs2) 


tanA =— 


[3c+dXsasz"asz"| 


Comparing (8) and (9), we see that 


sin(24+A)+ 2/G 
—2o69G—— 


Ps ; 
bH?—pH" 
sin 2¢ 


i.e. wy’ is a function of ¢. When the axes are in 
particularly simple directions with respect to the 
applied fields, simplification of the formula re- 
sults; this is shown in Table 1. The ratio of the 


Table | 


Axes Formula 





; = (100) I,.B°G sin 2¢ 


(100) I,B’G sin 2¢ 


(110) | No 
(001) 2, = I,B?G sin 2¢ ; 
(1-10) J 2 


(111) | 
(11-2) 
(—110) J 


+ $d) po 


I,.B’G sin 2¢ ; 


second-order P.E.M. voltage to the first-order 


voltage is given by 
Vz BAzsind (unn?—pMen?)—2(Gr—Gz)oo 


Vy Ay 


MeH+HhH 
C(NpeLeH —PUnLnH) 
(mete —Punpn (10) 


50 


If the semiconductor is strongly n-type, 


@ 


i @ 


V, BAzsind 2(Gn—Ge)oo 
one —| HhH — : 


| (11) 
MeH+LhH 
and if strongly p-type, 
V, BAzsind 2(Gn—Gz)oo 
aes |e ane 
MeH+PhH 


Vy : Ay 


In this way we obtain for Vz the sum of a term 
proportional to sin 2¢ another proportional to 
sin(26+A,)+ge and another proportional to 
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sin(2é+ A,)+ 9,. The overall effect can be written 


in the form 


Afsin(2¢+A)+¢]B* (13) 
and in general VV’, is not proportional to sin 2¢ 
The relation (1 


ind G as a function of the constants of 


3) has been observed, but the ex- 
pressio!1 

ductor is too complicated to attempt to 
trom 


information 


fgand A 


the experimentally 


iues ¢ 
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first-order effect is measured for both 


Then 


CIC field 
(B)+ Vi(.B?)+ V,(B)+ V,(B?) 
\— V,(B)+V,(B?2) 

(14) 
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Vy 
the sum of the thermo- and photovoltages when 
B = 0; VB) and VB?) are the linear and quad- 


ratic terms in B of these voltages; V,(B) and 


and V,~ are the measured voltages; V,(0) is 


V,(B*) are the linear and quadratic terms in the 
first-order P.E.M. effect. From equation (14) we 
obtain 


V,(B)+ VB) 


V(0) is at most of the order of V,(B), we 
that V,(B) is of the order of | ,(.B?), that is 
11 


negligil 


pince 
expe ct 


lherefore: 


» quadratic effect: 
V(0)+ Vi B)+ Vi( B2)+ V(B)+ VAB?2) 


V(0)—V(B)+ VB?) —V{B)+ VB?) 


IQ 


(B) is the voltage between the quadratic 


P.E.M. 


effect contacts produced by tne 
on an equipotential of the 


where V 
linear 

mes 
aS uney 


effect are not 


j 


first-order tect an 


V,(B2) can be 


anal gous argument, 


— V,(0). 


The determination of V, and V, therefore requires 
five voltage measurements. The values obtained by 
this method and by masking the sample coincide 
within the experimental error, which tends to con- 
firm our hypothesis that V,(B) is negligible com- 
pared with V,(B), and VB?) negligible compared 
with VB’). Further confirmation comes from the 
work of M. C. STEELE, who showed, in an article) 
published after the beginning of our experimental 
work, that V(B) 0, and V(B*)/V (0) < 0-005. 

In the measurement of V, and Vz as a function 
of the angle ¢, the origin of d was fixed by deter- 


mining the position of the sample-holder and 


graduated disk that made V, equal to zero (¢ 

7/2). The condition of linearity of Vy and Vz with 
respect to the light intensity U was checked by 
determining V,, and V, as a function of U, where 
U was measured with a photocell. The linearity 
was also checked by measuring whether the photo- 


conductivity was negligible. The dimensions of 
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most of the samples were 1x1 cmx1 mm. The 
ratio E,/E, was shown to be independent of the 
dimensions of the sample by measuring it in two 
samples of n- and p-type germanium of different 
dimensions, but of the same resistivity and orienta- 
tion. The contacts were soldered to the centers of 
each of the side faces of the sample. The use of 
‘‘n-type” solder for n-type samples prevented the 
possible formation of p—n junctions in the contacts, 
which would have increased the size of the photo- 


and thermo-voltages. p-type samples were similarly 


5. RESULTS AND DISCUSSION 
(a) Dependence of V, and Vz on B 
V, on B, at low 
light intensity, is shown for samples A, B, and C 
and 4. A 


samples, m- and p-type respectively, of approxi- 


The dependence of Vz and V, 


in Figs. 3 and C were non-oriented 
mately 5 w-cm resistivity, i.e. large enough for the 
formulae for extrinsic samples to be applicable. 
The accuracy obtained for these samples in the 
measurement of the second-order P.E.M. voltage 
is 3 per cent. B was an intrinsic sample at room 
temperature. We find that V/V, is negative for all 
three samples, and proportional to B for fields less 
than 4000 G, within the experimental error. This 
agrees with our theory; however, we also note that 
V/V, is smallest for the intrinsic sample B, where- 
as the following formulae, at first glance, imply that 


it should be largest there: 


BsindAz 
Ay 


af, 
7 


Xx 


7] 


UhH “eH * NiLe/LeH —PLhLhH 
x +6 


MhH T+ MeH 


(Sample B) 
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and 

should be larger than for sample C in which 
= 2 
Vy 


BsindAz LhH °—beH 
— PhH 
Ay MeH+PAH 


(Sample C) 


The “discrepancy” is explained by the difference 
in orientation of these samples, which causes 
eH and pny’ to be different in each. 


(b) Dependence of Vz/V on the shape of the sample 

Measurements of Vz/V on samples of the same 
resistivity and orientation, but of different dimen- 
sions, are given in Table 2. They demonstrate the 
absence of any shape effect. 


(c) Dependence of Vz, Vy, and Vz/Vy on ¢ 

Fig. 5 demonstrates the functional dependence 
of V, on ¢ for sample C: Vz = 0°54 sin(2642°)+ 
+0-17, in good agreement with the theory (cf. 
equation (13)). Fig. 6 demonstrates that the same 
functional dependence describes samples A, B, and 
decisis 
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350 
13 ¢ 


Quadratic P.E.M. voltage versus angle ¢ for p- 
type germanium (C). 


Fic 


Table 2 


Sample Az(mm) t(mm) 
(1) n-type 


n-type 


(2) p-type 
p-type 


V (cm?) V-sec) 


Ratio V2/Vy 


Ratio Az 


3400 °q 
6800 


850 
1600 
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Fic. 6. Quadratic P.E.M. voltage versus angle ¢ for non- 
intrinsic (B), and p-type (C) 
germanium. 


oriented n-type (A) 


C. Fig. 7 shows V,(¢) between 0° and 180° for 
sample C. The voltage Vy is proportional to cos ¢, 
in agreement with the theory leading to equation 
(8). In Fig. 8 we show the dependence of Vz/V, on 
¢ for samples A, B, and C. For sample A this ratio 
is, within experimental error, proportional to 
sin ¢, as the terms proportional to sin ¢: 


B $I n dA s 
Ay 


| 


[eee Broa 
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7. Linear P.E.M. voltage versus angle ¢ for p-type, 
germanium (C). 














90° 


Ratio of the quadratic to the linear P.E.M. 
n-type (A) 


Fic.. 8. 
voltages versus angle ¢ for non-oriented 
intrinsic (B), and p-type (C) germanium 


are much larger than the ones of the form 
2(Gr—G,)oo BAzsind 
MeH+HhH Ay 


The sum of the terms proportional to sin ¢ is 
smaller for an extrinsic p-type sample. This ex- 
plains the greater relative deviation of the curve for 
sample C, but a quantitative explanation is im- 
possible for this arbitrarily oriented sample. 


(d) Dependence of Vz/Vy on U 

The ratio of Vz/V, will depend on U, since the 
ratio of electrons to holes in the samples is being 
altered. Fig. 9 shows this dependence for n- and 
p-type oriented samples R and Q. Since Vz/Vy will 
decrease in any sample if the relative number of 
electrons is increased, the directions of the changes 
observed are correct. Fig. 10 shows the variation of 
V,/Vy with U for two p-type samples QO’ and P of 
different orientations. Again we find a decrease in 
Vz/Vy with increasing U, different for the two 
different orientations. The relative variation of 
V,/Vy is large for QO’ and P, but is of the same 
absolute magnitude as in samples R and Q. 


(e) Dependence of Vz and Vz/Vy on ¢ for chosen 
oriented samples 

Figs. 11 and 12 show the variation of Vz/Vy and 
Vz with ¢ between 0° and 90°, for the same p-type 
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Fic. 9. Ratio of the quadratic to the linear P.E.M. voltages 
versus light intensity for oriented p-type (Q) and n-type 


(R) germanium 


sample in two different orientations. According to 


he theory, Vz Vy is proportional to sin ¢, and Vz 
to sin 2¢. The terms A and g of equation (13) are 
zero. Clearly the experiments confirm the theo- 


retical predictions 


11. Ratio of the quadratic to the linear P.E.M. 
es versus angle ¢ for oriented p-type germanium 
(P) and (Q’) 


ip 





Ratio of the quadratic to the linear P.E.M 


versus light intensity for oriented p-type — “9 
germanium (P) and (Q vy ii 
| ms \y 


(f) Quantitative interpretation . 
So far we have confirmed the functional de- 

pendences of Vz and V,/Vy on B, U, and ¢ in a 

general fashion. We shall now examine the theo- 


retical and experimental magnitudes of the ratio 


V. Ay 
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‘yBsingd Az ‘ ' 
Vyl r ‘1G. 12. Quadratic P.E.M. voltage versus angle ¢ for 


for sample orientations that make A 2 . oriented p-type germanium (Q) and (Q’). 
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The samples P, QO, QO’, R, S, S’ were used in the 
orientations marked in Table 3. The magnetoresist- 
ance coefficients b, c, and d were also measured. 
The magnetoresistance coefficients for electrons 
were assumed to be the same in n- and p-type 
samples; similar assumptions were made for holes. 
These assumptions will certainly be justified if the 
relaxation times are mainly determined by lattice 
scattering; the consistency of our results will con- 
firm this, at least at room temperature. In Table 3 
V,B sin ¢d-° 
using the measured magnetoresistance 


are listed the predicted values for V 
- Ay/Az, 


coefficients and the experimental values of the 


same quantity at room temperature. The agree- 
ment is adequate to demonstrate the validity of our 
attempt to explain the photoelectromagnetic effects 
in terms of the magnetoresistance coefficients. 
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(g) Other measurements 

The linear and quadratic P.E.M. effects have 
been observed at room temperature in n- and p- 
type oriented silicon samples at 5 w-cm resistivity. 
Due to the small recombination time of these 
samples, the first-order effect is very small, and the 
second-order effect is observable for B ~ 5000 G 
with an accuracy of only 20 per cent. The results 
are listed in Table 3. 

The linear and quadratic P.E.M. effects have also 
been observed for the oriented germanium 
samples at 260 and 160°K. Results are listed in 
Table 4. The magnetoresistance coefficients were 
not measured for the experiments mentioned in 
this section. However, the agreement between 
theory and experiment can be partially confirmed 
by means of the following symmetry relations 


Table 4 


Resist- Orientation 


Material ivity 


. 1 
Sample 


(£2-cm) 


010 001 160 


n-Ge 010 001 260 


n-Ge 001 160 


001 


n-Ge 


n-Ge 001 —110 


001 —110 


n-Ge 


010 001 


001 
001 


1-10 001 


—110 160 


—110 260 


001 


001 


V, Ay 


V,Bsingd Az 


Theoret. expression 


cm?/V- 

sec 
Experi- 
mental 
LhH“—MeH*—Ch+Ce 


+ pbeH 14,000 


MeH+LnhH 


6800 


16,000 


6800 


18,600 





12,800 


LhH-—PeH= —Cht+Ce 
; = — nH 
MeH+HhH 


4900 


5200 
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V Ay 


VAy 
V Bsin Az |», 


Vy B sin Az | rs 


V Ay 


Pp V,Bsin¢Az | ns is VyBsingAz 


The quadratic P.E.M. effect has also been ob- 
served in InSb. 


APPENDIX 
In order to give an intuitive picture of why py’ is not 
equal to «zy, we shall calculate the planar Hall effect 
using the pictorial kinetic method.“ *) The equations of 
motion for a carrier in the configuration we have des- 
cribed are (sub-section 3c) 


—Ez+ woVycosd 


e 
Ey—woV zcosd+woVz sind (A-1) 


m 
dV, e 


E,—V sing 
dt m 

where V is the velocity acquired by a particle under the 
action of the fields EF and B, and w, is the cyclotron re- 
sonance frequency eB/m. In these equations we assume 
that we have only one type of carrier and that the effec- 
tive mass is isotropic. The third term in the second equa- 
tion is, as we shall see, of second degree in B, and there- 
fore can be neglected in comparison to the other two 
terms, which are of first degree. By doing this and inte- 
grating these equations, we find 

, 


Ve+iVy =—[Ez+iEy|(et—1), 


wm 
where w = wo cos ¢, 
which gives us for the velocity along y 
e e 
V, = —E,(cos wt —1)+——Ey sin wt. 

wm wm 
Substituting this in the last of equations (A-1), we find: 
e sin wt 
ie (——— - iis 


Ww 


—E,t— 
m 


E 


ty 


e_ /coswt—1\] . 
: (———} sin d. 


m Ww 


é 
MeHTHhH “| err 
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V Ay 


V Ay 


V,BsindAz | i 
V Ay 


| = PhH+ eH - |- ——— _| 
PQ VB sin dAz Ss 


VB sin dAg mm 


Using the averaging function 


1 
——¢ tlt dt, 
7(E) 
we find for the average acquired velocity Vz of 
particles of initial energy FE: 


m e 
V,. =—E,1+—| Er 
m 
I 


i. ' sil 
v( w(1+ wr?) a 


( ya | 
é ’ { : wT 
oe [Ear Eyr : a 
1+ w?r? 


m 


Averaging this expression for particles of all energies 
between zero and infinite, we find, writing down the con- 
dition that the current along z must be zero: 


’ 


7, sind 


-. 
\1+ w?7? / \pe272 | ; 
; ¢ —__——_—_— | sing 


Eyw— ——_ — Law 

<T » T ) 

and substituting the value of the first-order Hall effect 
7 \ Be 

Ey - OnE; - = — . me 
1 9 9 


we finally find 


E,cos¢ 


(ror 
\ 
\i fat? 
— ——_ a B2 sind cos ¢. 
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Assuming that the magnetic field is small, we find 


sin 2d 


Ye rz \2 73 
it | | 
m? 7» T 


In this expression, 


is the fraction of the effect due to the current produced 
directly by the electric field along y, while the fraction: 


3 sin 2¢ 


| Sells Mamas 


m2 T Z 


is due to the current along x deviated twice by the mag- 
netic field. Considering that the effect can be written in a 
phenomenological way: 

sin 2¢ 

. , ‘9 9 2) 
E, = —E,|[H’2—px?|B 


“ 


where the mobilities uy’ are the same ones previously 
defined, we find that 


9 
has e 
T m 


19 9 
PH “~PHR 


(A-3) 


9 ji 7 9 
mm“ <T >“ 


where é is the transverse magnetoresistance coefficient 
given by 
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Abstract—The changes in carrier concentration which occur when *Cu is introduced into p- and 
n-type germanium containing known concentrations of gallium and arsenic have been determined by 
resistivity measurements. The results for four different **Cu concentrations indicate the presence of 
three ionization levels. Although the precise positions of the levels cannot be determined, graphical 
solutions employing the level scheme of WoopBury and TYLER“) are shown to be reasonably consist- 


ent with the results. 


INTRODUCTION 

Woopsury and TYLER") report three acceptor 
energy levels for copper in germanium at 0-04 
0-32, and 0-44 eV above the valence band.* The 
positions of these ionization levels determine the 
change in carrier concentration when Cu is in- 
troduced into Ge containing known concentrations 
of acceptor or donor elements. In this work the 
changes in carrier concentration for four ®Cu 
concentrations, as determined by radiochemical 
analysis, were measured in both gallium-doped Ge 
and in arsenic-doped Ge by means of resistivity 
measurements. The results are found to be in rea- 
sonable agreement with calculations based on the 
published! values for the ionization energy levels 
for copper in Ge. 


PROCEDURE AND RESULTS 

Two series of germanium specimens (1-5 « 0-1 x 
x 0-4 cm) were prepared. One series contained 
3-7 to 3-9 x 1016 cm-3 Ga and the other series 2-7 
to 3-3 x 1016 cm=3 As (see Table 1). All specimens 
were first lapped on No. 400 Aloxite abrasive 
paper. A visible plate of 6*Cu was next applied to 
two opposite faces. One copper-plated gallium- 
doped and one copper-plated arsenic-doped speci- 
men were placed in each of eight quartz tubes 
under about 10-8 atm. air pressure. Two tubes were 


* An energy gap value of 0-70 eV has been assumed. 
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placed in each of four furnaces maintained at 
904°, 857°, 780° and 726°C and heated for 2 hr, 
16} hr, 16} hr, and 16} hr, respectively. These 
times were calculated to ensure saturation at the 
respective temperatures. After a fast quench, the 
samples were removed from the tubes and cleaned 
of excess surface copper. Resistivities were deter- 
mined at 25°C by the two-point probe method 
both before and after the heating. 

The carrier concentration (m or p) was derived 
from the relations: 1/p, = gnu, and 1/p, = gpuy 
where p,, and p,, are resistivities (25°C) in ohm cm, 
g = 1-6x10-!% coulombs, n and p are the num- 
ber of electrons or holes per cm%, and y,, and yz, are 
the mobilities) of the electrons and holes in 
cm2/volt sec corrected for ionized impurity scatter- 
ing. Table 1, column 11 lists the values of Ac, the 
total change in carrier concentration, for each 
specimen after saturation with Cu. In the case of 
specimens 4 and 8 of Table 1, an additional cor- 
rection for the scattering by the multiply-charged 
copper ions was introduced. 

After the resistivity measurements were com- 
pleted, each specimen was crushed and the total 
copper concentration measured by counting the 
radioactive §4Cu by the usual techniques. °) The re- 
sults are given in Table 1, column 6. 


+ Such a correction in the cases of the other specimens 
can be neglected. 
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The average error in the resistivity measure- 
ments is about 1 per cent. Because of the un- 
certainties in the mobilities of the carriers, the 
error in the carrier concentrations is estimated as 
Individual determinations of radio- 


+5 per cent 
5 per cent. 


copper concentration are precise to 
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S. FULLER 
concentration to the radio-copper concentration 
involves both a difference between two carrier con- 
centrations as well as the radio-copper concentra- 
tion, it is subject to larger error. A maximum error 
of +15 per cent in this ratio (next to last column 


Table 1), could exist. 
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Graphical solution for the Fermi level position for specimens 
Table 1. 


Dashed lines and arrow shows solution which is in better 


Full lines show solution based 


agreement with present results. 


Variations in dislocation densities from specimen 
to specimen in the crystal introduce additional 
errors which are difficult to estimate. However, 
the fact that the resistivity and radio-copper deter- 
minations are made on the same specimens mini- 
mizes errors from this source. The crystals em- 
ployed had etch pit densities between 20-40 per 
mm?. Because the ratio of the change in carrier 


DISCUSSION OF RESULTS 

In Table 1, columns 6 and 11, the total copper as 
determined by radiochemical analysis and the 
change in carrier concentration, Ac, from electrical 
measurements agree within experimental error for 
all specimens which are p-type after copper satura- 
tion. This is shown by column 12, Table 1, which 
gives the ratio of Ac to ® Cu concentration, 
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averaged for each pair of specimens. The average 
of this ratio for all of the p-type specimens is 1-0. 

The closeness of the agreement (within an aver- 
age error of +-10 per cent) between the number of 
copper atoms and the number of holes indicates 
that the concentrations of interstitial copper at 
equilibrium is fairly low in Ge compared to the 
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In the case of specimens No. 4 and No. 8, which 
are strongly n-type, approximately 2-5 holes are 
produced per Cu atom added, corresponding to 
the presence of both doubly and triply-charged 
copper ions. Thus at least three acceptor energy 
levels are introduced into germanium by copper. 
Taking the average results for specimens No. 4 and 
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EMPERA 


Fic. 2. Comparison of the radio-copper determinations (triangles) 
and the resistivity determinations (open circles) of the solubility of 


Cu with previously published results‘’ 


substitutional copper. Previous work") showed 
that under transient conditions, considerably more 
radio-copper than acceptor-copper is present. 
However, the distribution of copper under these 
conditions is quite non-uniform and a reliable 
comparison is difficult. Tweet,®) on the basis of 
precipitation experiments, finds a substitutional- 
interstitial ratio of approximately 6 at 715°C. The 


present results would suggest a ratio of at least 20. 


as shown by solid curve. 


No. 8, we have made a graphical solution for the 
Fermi level according to the method of 
SHOCKLEY.) This is shown in Fig. 1, in which 
the positions of the three acceptor levels of Woop- 
BURY and TyLerR") (0-04 eV and 0-32 eV from the 
valence band and 0-26eV from the conduction 
band) have been inserted. The solution employing 
those levels predicts a somewhat higher value for 
the change in carrier concentration (1-94 x 1016 
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cm~%) than is observed (1-58 x 1016 cm-3). Agree- 
ment with experiment can be obtained if the 
highest level is shifted upward to a position 0-18 
eV from the conduction band. It is interesting that 
Wooppsury and Ty Ler") likewise observed a level 
approximately in this position in some n-type 
specimens. The calculated results are shown in the 
last column of Table 1 and are to be compared with 
the second from the last column. 

Similar graphical solutions (not shown) have 
been carried out for specimens No. 3 and No. 7 
shown in Table 1. From the position of the Fermi 
level in each case, the number of occupied states 
is calculated to be 2-95 x 1016 cm- and 2-62 x 1016 
cm-%, respectively for No. 3 and No. 7. These 
figures are in good agreement with the Ac values 
of 2-8 x 1016 cm-$ and 2-7 x 1016 cm-% determined 
electrically as shown in Table 1. In this case, be- 
cause of the lower position assumed by the Fermi 
level, only singly and doubly charged copper ions 
are present. Again the observed carrier change im- 
poses restrictions on the level positions. Thus the 
middle and upper levels cannot be shifted down- 
wards very far, nor can the middle level be moved 
upwards appreciably without also shifting simil- 
arly the upper level. The latter can of course be 
shifted independently upwards, but not ap- 
preciably beyond the position 0-18 eV from the 
conduction band mentioned above for specimens 
No. 4 and No. 8. 

The results of Table 1 are therefore consistent 
with three acceptor levels for copper in germanium 
at approximately the positions stated by Woop- 
BURY and TyLerR.”) Shifts of the second level 
greater than about —0-1 or +0-05 eV from the 
0-32 eV assignment") would be inconsistent with 
the present results. Also a position for the upper 
level within about +0-025 eV of 0:18 eV from the 
conduction band fits the data of Table 1 better than 
the assignment of 0-28 eV." 

Fig. 2 is a plot of the number of copper atoms, 
per cm® against temperature in °C as determined 
both by resistivity measurements and by the radio- 
chemical method. Only the p-type specimens of 
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Table 1 are represented. These data are seen to be 
in agreement with previous solubility values of 
copper in germanium in the temperature range 
725-900°C. @ 

As indicated previously, the purpose of the 
present work was not to attempt to determine the 
ionization energy levels of copper in germanium. 
This is best done by other methods. However, be- 
cause the number of copper atoms is here mea- 
sured by the radiochemical method, the results do 
provide a useful and independent way of testing the 
predictions of energy level schemes determined by 
these other methods. Except for the possibility that 
the upper copper ionization level may require a shift 
of about 0-1 eV closer to the conduction band, the 
present results are in agreement with the published 
level positions.) However, it should be empha- 
sized that this latter requirement involves the 
assumption of the presence of multiply-charged 
scattering ions. Such increased scattering, over 
singly charged or neutral impurities, would not 
occur if a pairing of ions of opposite signs takes 
place. Although such a possibility seems unlikely 
in the present case, its occurrence cannot be ex- 


cluded. 
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Abstract 
Cu : Cl phosphors. 


impurity concentrations 


The transfer of energy from blue to green emitting centers has been studied in ZnS : 
It appears that energy can be transported even at low temperatures and low 
An estimate of the energy transfer expected from a resonance process 


through electric dipole-dipole interaction, yields values for energy transfer which are much lower 


than these observed. Several possible transfer mechanisms are discussed. 


1. INTRODUCTION 
OF considerable interest in the understanding of 
luminescence is a knowledge of those processes by 
which energy is transported within a phosphor 
from one activator to another. In the non-photo- 
conducting phosphors, energy transport is mainly 
regarded as due to a resonance process. In the 
photoconducting phosphors, on the other hand, 
particularly in the sulfides of zinc and cadmium, 
the transport of energy has usually been described 
by means of an energy-band model in terms of the 
motion of free electrons and holes. 

Despite the success of the band model, and its 
applications by ScHOn,") KLasens®: 16) and others 
in interpreting many of the observed features of 
photoconducting phosphors, the possibility exists 
that other transfer mechanisms may play a role. 
This possibility has been recognized by SHIONOYA 
and by SHIONOYA and AMANO 
publications, these authors have presented what 


In two recent 


they believe to be evidence for a resonance transfer 
process in ZnS containing copper or lead with 
manganese. They arrived at their conclusions by 
observing that when a phosphor was irradiated in 
the excitation band of copper or lead, an emission 
characteristic of manganese could be obtained. 
The present paper describes a study of energy 
transfer between the blue and green emitting 
centers of ZnS : Cu : Cl. The blue centers are te- 
lieved to consist of zinc vacancies, while the green 
centers have been attributed to substitutional 
copper impurities.) The study is confined to a 


region of low impurity concentrations, and covers 
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a range of temperature from room temperature to 
4°K. We find that transfer occurs at very low con- 
centrations and at low temperatures. In the 
ZnS : Cu : Cl phosphor, we do not think transfer 


is due to a resonance process. 


2. ENERGY-TRANSFER PROCESSES 
(a) Photoconductive transfer 
In Fig. 1 is shown an often-used energy-level 
diagram for the blue and green centers in ZnS : 



































Fic. 1. Simplified energy-level diagram for the blue- 
and green-emitting ZnS : Cu : Cl phosphor. Transitions 
9 


1 and 3 refer to excitation, 2 and 4 to emission. 


Cu : Cl, in which details such as traps and non- 
radiative have omitted. Without 
reference to a particular mathematical treatment 


centers been 
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based on this diagram, the transfer process with 
which we are concerned may be described as 
follows: Absorption of radiation in blue centers 
results in the creation of free electrons, and of holes 
trapped at the blue impurity levels. Recombination 
of free electrons with the bound holes results in 
blue emission. At room temperature, however, we 
may expect a number of bound holes to be therm- 
ally excited into the valence band, wherein they 
may diffuse towards other blue centers or be cap- 
tured by green centers. The creation of free elec- 
trons and holes at blue centers, and their recombi- 
nation at green centers results in a transfer of 
energy. 

The relative efficiency of the photoconductive 
transfer process will depend principally on the 
relative concentrations of blue and green centers, 
increasing with an increase in the ratio of green to 
blue centers, and on the temperature. In particular, 
we expect that the effectiveness of the electron 
hole transfer mechanism will decrease rapidly with 
decreasing temperatures, since at temperatures 
such that kT’ < Eg, virtually no free holes will be 
created by direct irradiation into the blue excita- 
tion band. 


(b) Resonance transfer 

By resonance transfer we refer to a process 
whereby energy is transferred from one impurity 
to a nearby impurity through the interaction of 
their electric or magnetic dipole or quadrupole 
fields. The description which follows is based on a 
theoretical treatment by Dexter.) The transfer 
of energy occurs by means of the following steps: 
(1) excitation of a center through the absorption of 
a photon, (2) relaxation of the lattice about the 
excited center, (3) transfer of the excitation energy 
to a nearby center through the electric dipole or 
quadrupole field, resulting in the excitation of the 
second center, (4) relaxation about the first center 
to a state similar to its initially unexcited state, and 
(5) emission of a photon from the second center. 
The transfer probability, Py, for a dipole-dipole 
interaction, is given by DEXTER as 


3htc!O, | & ) [ MEAD 


dE (1 
47R6n'‘7, 4 F4 ) 


Pog : 
K* O¢ 
where 7» is the lifetime of an excited blue center, 
n is the refractive index, (&/& -) is the ratio of the 
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electric field in an impurity atom to that in the 
crystal, and « is the dielectric constant. f,(£) is the 
relative number of quanta of blue emitted as a 
function of energy in electron volts, and F,(£) is 
the analogous function for the green absorption. 
The integral, {f»(E)F,(E) dE, is therefore the 
energy overlap between the green absorption and 
blue emission bands, normalized under the con- 


ditions that [f,(F)dE =1 and f{F,(£)dE = 1. 


Og = f o,(£) dE, and is measured as the area under 
the absorption curve, with o,(£), the absorption 
cross-section of an impurity atom, measured as the 
ratio of the absorption coefficient to the number of 
impurity centers per unit volume. The separation 


distance between centers is R. 

The efficiency of a dipole-dipole transfer pro- 
cess depends, among other variables, on the over- 
lap between the emission band of the activator 
which absorbs the primary photon and the ab- 
sorption band of the impurity to which transfer 
takes place, and on the optical absorption cross- 
section of the externally excited activator. It 
follows from the 1/R® term in equation (1) that the 
transfer yield will also be strongly dependent on 
the distance between near-neighbor impurity 
atoms. Because of the absence in equation (1) of a 
term for temperature, the transfer probability is to 
a first approximation temperature-independent; 
the primary source of temperature-dependence 
lies in a thermal shift and broadening of the ab- 
sorption and emission bands. For the ZnS : Cu : Cl 
phosphors, we expect little or no temperature- 
dependence for transfer due to resonance, since the 
emission and absorption bands are virtually un- 
changed from room temperature to 4K. This 
temperature-insensitivity is in marked contrast to 
the behavior expected for a photoconductive trans- 
fer mechanism based on Fig. 1, and may therefore 
be used as an experimental means for distinguish- 
ing between the two mechanisms. 


(c) Cascade transfer 

A cascade process refers to the emission of a 
photon from one center and its absorption by a 
second center before it has escaped the phosphor. 
It will therefore depend on the overlap between the 
emission and absorption bands of the respective 
centers. The transfer yield is given by? 


1 = Ao | fi(E)[1 —exp{—Ngoo(E)I}] 
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where the average is performed over the linear 
dimensions of the crystal. fp(Z) and o,(F) retain 
the meaning they had in equation (1); Ng is the 
number of green centers/cm?. 

Transfer by a cascade process will be nearly 
temperature-independent in ZnS :Cu:Cl for 
the reasons that apply to resonance transfer. 
The concentration dependence will be deter- 
mined by the value of the absorption factor, 
[1—exp(—No,(E)l)]. The transfer yield can be 
estimated from the dimensions of the particle, the 
shapes of emission and absorption bands, and the 
absorption cross-section of the green centers. 


3. EXPERIMENTAL PROCEDURES 

The procedure for studying energy transfer con- 
sists in optically irradiating into the excitation 
band of the blue centers and observing the ap- 
pearance of a green emission. The presence of a 
green emission implies that energy transport takes 
place. The ratio of the intensities of the blue and 
green emissions is a measure of the energy trans- 
ported. 

The phosphors were prepared as powders, in a 
manner previously described,®) using lumin- 
escence-grade ZnS, Cu (NOs), and a large excess 
of NH,Cl. The copper concentration was varied 
between 0 and 0-005 molar per cent. 

The apparatus used to obtain the excitation and 
emission spectra is shown in Fig. 2. The excitation 
spectra were obtained by irradiating the phosphor 


























Fic. 2. Apparatus for obtaining excitation and emission 
spectra. (a) U.V. lamp (H-6); (b) monochromator for 
excitation (Perkin-Elmer model 98); (c) mirror for 
alternately exciting and monitoring; (d) thermocouple 
for measuring excitation intensity; (e) phosphor; (f) 
dewar; (g) monochromator for measuring emission 
(Beckman model DU); (h) 1P21 photomultiplier. 
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with a particular excitation wavelength, and mea- 
suring the intensities of the resulting blue and 
green emission bands at their emission peaks. 
These intensities were then corrected for the con- 
tribution made by one band to the intensity maxi- 
mum of the other. This process was performed for 
various wavelengths in the region between 2500 
and 4500 A. Figs. 3, 4, and 5 show the results of 
such measurements. 

The excitation intensity at each wavelength was 
maintained constant in the number of quanta 
emitted per second by monitoring the radiation 
with a bismuth/silver thermocouple. The band 
width at half intensity-maximum of the excitation 
radiation varied with wavelength in a manner 
which depended on the intensity distribution of the 
ultraviolet source; except for a few points, how- 
ever, it did not exceed 50 A. 

The emission bands were detected with the aid 
of a Beckman monochromator whose slit width 
corresponded to a band width of 6 A or less over 
the visible range. The photomultiplier used to 
measure the emission intensity had previously been 
calibrated for its spectral response in the visible 
and near ultraviolet region. 

For low-temperature measurements the speci- 
mens were inserted into a dewar vessel equipped 
with transparent fused-silica appendages. To in- 
sure accurate temperature control, the samples 
were immersed in the refrigerant. 


4. EXPERIMENTAL RESULTS 

In Fig. 3 is shown for two temperatures the ex- 
citation spectrum of ZnS : Cl. Since this phosphor 
did not contain copper, only the blue emission was 
observed. In the long-wavelength region there ap- 
pears to be an excitation band with a maximum at 
about 3450 A, which we attribute to direct ex- 
citation of blue centers (transition 1 of Fig. 1). 
At somewhat shorter wavelengths, in the region of 
3200 A, some structure is present, consisting of one 
or more relatively narrow bands. The origin of this 
structure is not certain; similar structure has been 
observed in a number of semiconductors, for 
example, CdS,‘7) and has been attributed by some 
to the creation of excitons. Wavelengths below 
3200 A produce transitions across the band 
gap.'8) For these wavelengths the intensity of the 
blue emission was only moderately dependent on 
the excitation wavelength. 
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In Figs. 4 and 5 are shown the excitation spectra 
of two specimens of ZnS : Cu : Cl containing 0-0001 
and 0-001 molar per cent copper, respectively. 
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The incorporation of copper produced a green 
emission band with a maximum at 5200 A. The 
excitation spectrum for the green emission contains 
two excitation bands in the long-wavelength region. 
One of these has a maximum at 3900 A and origin- 
ates from direct excitation into copper impurity 
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Fic. 5. Excitation spectra for blue and green emissions of 
ZnS : Cu(10-5) : Cl. 


centers (transition 3 of Fig. 1). The second band 
has a maximum at 3450 A, and coincides with the 
3450 A excitation band for the blue emission. We 
believe the 3450 A excitation band for the green 
emission results from absorption of energy by blue 
centers, with subsequent transfer to green centers. 
We conclude from these results that energy transfer 
from blue to green centers takes place in the 3450 A 
excitation band. 

The temperature-dependence of the transfer 
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process may be seen by comparing for a given 
specimen, the ratio of the green to blue emission 
obtained at several temperatures by 3450 A excita- 
tion. These are shown in Table 1 for specimens 


Table 1. Ratio of intensities of green to blue emissions 
for 3450 A excitation 


Copper concn 300°K 


having different copper concentrations. It is seen 
that the intensity of the green emission decreases 
relative to the blue between room temperature and 
77K, but from 77 to 4K. 


Despite this initial decrease in the green intensity, 


remains constant 
transfer takes place to a significant extent at low 
temperatures 

The sensitivity of the transfer process to tem- 
perature is much less than can be expected from the 
energy-level diagram of Fig. 1. Fig. 1 predicts some 
photoconductive transfer at room temperature. At 
77 K, however, the rate at which holes are therm- 
ally released from the blue impurity levels should 
be smaller by a factor of expF,/k(1/7;—1/To). 
At 4K the holes from blue 
centers should be truly 
therefore, should be the transfer yield. That this 
A photoconductive 


thermal release of 
negligible and _ so, 
is not so is seen in Table 1 
transfer process based on the energy-level diagram 
of Fig. 1 does not, therefore, account for the ob- 
served results 

A resonance transfer process is consistent with 
the temperature-independence observed at low 
temperatures, but is not likely at such low copper 
concentrations provided that the impurities are 
randomly distributed. Using the expression derived 
by Dexter for the transfer probability by dipole 
dipole interaction and substituting values appro- 
priate to ZnS : Cu: Cl phosphors, we can cal- 
culate the separation distance for which resonance 
transfer is to be expected. 

For ZnS, the refractive index, n, is 2:37. In Fig. 
6 are shown the blue and green emission and ex- 
citation bands normalized to unity at their maxima. 
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The shapes of the emission bands were obtained 
by direct measurement. The positions of the ex- 
citation bands were obtained from the excitation 
spectra, and are assumed to coincide with the ab- 
sorption bands for these centers. The value of the 
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their maxima. 


overlap integral, obtained graphically from the 
blue emission and the green absorption bands, is 
~ 1/20eV-!, with E~3eV. Dexter takes 
(€/«é .)4 to be unity, since the ratio of the aver- 
age strength of the electric field within the crystal, 
to that of an isolated atom, (¢,./&) 1/x?. 
[t remains to evaluate Qy. Since Q, 


( Cg( E)dE 


where Ng is the number of green centers per cm# 
and %g is the absorption coefficient of the green ab- 
sorption band, Qy can be obtained graphically from 
the value of the absorption coefficient of the green 
centers plotted against wavelength energy in elec- 
tron volts. 

The absorption curve for green centers in a 
specimen containing 2-5 x 1018 copper centers/cm* 
is shown in Fig. 7. % was computed from diffuse 
reflectance measurements on a powder specimen, 
using a method developed by Jonnson.®) The 
value of Q, obtained in this manner is 1-2 x 10-16 
cm? eV. 

In order for appreciable transfer to take place, 
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Pogt» > 1. Substituting the above values into 
DExTER’s expression, one obtains: 
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Fic. 7. Absorption band for green emitting centers. 
For transfer to take place, therefore, R ~ 21 A, or 
the blue and green centers must lie about 4 lattice 
units apart. 
The ratio of emitted green to blue quanta re- 
sulting from resonance transfer is given by 


I, BNg 
h 1-£N, 


where B = (4/3) 7R® = 3-9 x 10-*%m', the volume 
sensitized by a single blue center. For the specimen 
shown in Fig. 5 with Ny = 2:5 x 10!" centers/cm®, 
the green to blue ratio calculated from equation (3) 
is I,/Iy = 0-01. This figure is smaller by a factor of 
50 than the ratio of 0-53 observed at the low tem- 
peratures. 

It is evident, that for randomly distributed 
impurities, energy transfer by resonance cannot 


account for the large transfer observed at these 
concentrations. 


5. DISCUSSION 

The failure of the photoconductive and re- 
sonance transfer mechanisms, in the simplest set 
of circumstances, to account for the observed trans- 
fer leaves the cascade process as the remaining 
possibility. A calculation of the transfer expected 
by cascade involves considerable difficulties in the 
case of powders. In particular, it requires a de- 
tailed description of the internal and external re- 
flections. While this can be done in principle, by 
extending JOHNSON’s treatment) for the reflect- 
ance of powder samples to the case where the light 
originates in the powder itself, the results would 
still be subject to considerable uncertainty. It is 
felt therefore that a cascade process remains as a 
possible transfer mechanism. 

There are, however, a number of reasonable 
complicating elements which make other transfer 
mechanisms possible. One possibility is that the 
blue and green centers are not randomly distri- 
buted. PRENER and WILLIAMs"!) have suggested 
that the green centers consist of associated copper 
and chlorine impurities at next-nearest neighbor 
sites. Without referring to their particular model, 
it is clear that a close association between the blue 
and green centers could require a major revision of 
some of the foregoing conclusions. For example, 
dipole or multipole interaction could play a 
dominant role at low concentrations and be virtu- 
ally 
direct electronic transitions between centers could 


concentration-independent. Furthermore, 
take place at low temperatures. 

Other possibilities exist. It may be that copper 
produces, in addition to the 3900 A excitation 
band, a band with a maximum at 3450 A, which 
coincides with the blue excitation band, or that an 
exciton band may exist, which extends into the 
blue excitation band. It has also been suggested 
that the blue and green emissions originate in the 
same center."!2) Since there is no clear evidence 
with which to decide among these possibilities, 
they too must remain uncertain. 

Finally, the transfer may be photoconductive, 
even at low temperatures. Photoconductive trans- 
fer can take place if irradiation into the 3450 A 
band creates both free electrons and holes. We can 
imagine at least two ways in which this can happen. 
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One possibility is that the excitation band for the 
blue emission consists of two superimposed ex- 
citation bands arising from (a) transitions from the 
impurity levels of zinc vacancies to the conduction 
band and (6) transitions from the valence band to 
the chlorine levels (Fig. 8). The thermal trap 



































Fic. 8. Modified energy-level diagram of Fig. 1, show- 
and 6 between valence band and 
chlorine impuxtties. 


ing transitions 5 


depth for chlorine, 0-25 eV below the conduction 
band edge,"!%) leads us to expect that an excitation 
band for chlorine, if it exists, will have its maxi- 
mum in the region of 3400 A. Furthermore, the 
appreciably greater band width of the blue emission 
of ZnS : Cl, as compared with those of silver or 
copper in ZnS, suggests that the converse process 
of emission may also consist of two superimposed 
bands. 

An important feature of such a process is that it 
predicts an eventual depletion of one of the two 
blue centers. The failure to observe this effect may 
have been due to insufficient excitation intensity 
(~ 4x 10!% photons/sec) during the course of the 
measurement. While this does not eliminate the 
possibility that exhaustion may occur, it reduces 
the likelihood that such a process is the dominant 
factor in a photoconductive mechanism. 

An alternative photoconductive process is pos- 
sible, which does not require the superposition of 
two excitation bands, and predicts no depletion of 
centers. Such a process can occur, if in chlorine, 
for example, 3450 A radiation not only promotes 
electrons from the valence band to the chlorine 
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levels, but also excites electrons from chlorine 
levels to higher states in the conduction band. A 
process of this kind has been proposed to explain 
the increased absorption at 4500 A which results 
from excitation in ZnS : Cu : Co.“4) Similar ex- 
planations have been also used by SMITH and 
TURKEVICH 5) to account for emptying of traps by 
visible and near ultraviolet radiation in copper- 
activated ZnS, and by HOoOGENSTRAATEN and 
K aseEns"!6) to explain the intensity-dependence of 
the light sum of ZnS: Cu:Co under 3650A 
excitation. In view of this evidence, we are of the 
opinion that a photoconductive mechanism based 
on the latter process, is the most likely transfer 
mechanism. 
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Abstract—An infrared fluorescence was observed for ZnS : Cu, Al and ZnS : Cu, Ga at 1:57 and 
1:72. This emission appeared to be excited at low temperatures by radiation of 1:38 and between 
0-5 and 0-8, provided that the phosphor was excited by 3650 A. The infrared quenching of the 
visible fluorescence and an infrared stimulation of the visible phosphorescence show a spectrum 
analogous to the infrared excitation spectrum, and seem to be connected with the same transitions. 


1. INTRODUCTION 

THE influence of infrared absorption on the visible 
luminescence of zinc sulphide phosphors has been 
investigated by various authors. For copper- 
activated ZnS GARLICK and Mason") observed at 
low temperatures a stimulation of the phosphor- 
escence by irradiation with infrared of 1-24. wave- 
length. Other stimulation peaks were found by 
Fonpa®) at about 0-8 and 1-354, by DaLy®) at 
1:26, 2-08, and 2-7, and by BRownE™) at 1-2y, 
1-37, and 2-55y. 

Infrared quenching of the fluorescence was 
found by MeELameD®) and by Vinokurov®) at 
0-84 and 1-3, and by BRownE™) at 0-7 and 1-3. 
ANTONOV—ROMANOVSKII SHCHUKIN™) ob- 
served an enhancement of the infrared absorption 
for ZnS : Cu, Co by ultraviolet excitation with 
maxima at 0-8 and 1:3y. 

An infrared luminescence was found by 
DUMBLETON and Gar ick'®8) at 1-5 and 1-65y, 
and by Browne)? at 1-475, 1-645, and 1-79y, 
which was excited by 0-76u and 1-35, irradiation. 

The present paper deals with an investigation of 
the infrared fluorescence for well-defined copper- 
activated ZnS phosphors and the correlation of 
this phenomenon with the infrared quenching and 
one particular infrared stimulation of the visible 
luminescence. 


and 


2. PREPARATION OF THE PHOSPHORS* 


Zinc sulphide of fluorescence quality was obtained by 


*'The phosphors were prepared in our laboratory 
under the supervision of Mr. W. VAN GooL. 
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precipitation from a zinc sulphate solution. The ZnS 
powder was activated in the usual way and fired at 
1200°C in an H,S atmosphere for 3 hr. The H,S was 
purified by washing with a KHS solution and dried with 
P,O,. 


3. APPARATUS 

The measurements were made with a Leiss mono- 
chromator. The radiation was modulated by a rotating 
chopper and detected by a lead sulphide cell. The signal 
was amplified, rectified, and fed to a d.c. voltmeter. In 
the quenching and stimulation experiments, a photo- 
multiplier was used. The phosphor was mounted in a 
Dewar vessel, in which it could be cooled to 80°K. 


4. MEASUREMENTS 

In all experiments the phosphor was excited by 
ultraviolet radiation of 3650 A wavelength. The 
fluorescence of ZnS : Cu, Al is green, whereas the 
phosphors with a copper content higher than the 
aluminium content show in addition a blue emis- 
sion band. The excitation and stimulation spectra 
reported in the following sub-sections have been 
corrected so that they represent the intensity of the 
emitted radiation for the same number of incident 
quanta at each wavelength. The peaks in the 
spectra obtained are listed in Table 1. The second 
column gives the activator and coactivator contents 
of the samples in gram-atoms per mole ZnS. 


(a) Infrared fluorescence 

At low temperatures an infrared emission was 
observed which was excited by infrared radiation 
with simultaneous or previous irradiation with 
3650 A. The emission spectrum (Fig. 1) consists of 





G. MEIJER 


Table 1. Experimental data. 








Infrared 
ion excitation | Quenching of the 
80°K (Wave- (Wz fluorescence at Stimulation of the phosphorescence 
length in p) ngt 300°K (Wave- avelength in ,) 
length in ;) 


0-8 . ) 
(weak) 


,,; green (80°K 
1-4 DStegaabyl reen ( K) 
0-8) ‘22 ] : 
1-4) (weak) \; green (80°K) 

0°8 ; | green and blue 
(30 K) 


) green and blue 
12) (80°K) 
38 (weak) 
‘8 green 
36 green (~ 250°K) 


- 


O-s ‘93 
1°4| (strong) ‘03) green (80°K) 

26 

‘21 | green and yellow 
-25(weak) (80-150°K) 

‘$ vellow 

*36 yellow (~ 250°K) 


two bands at 157 and 1-72, respective ly The 
excitation spectrum (Fig. 2) shows one peak at 
1-38u, whereas another excitation band begins at 
about 0-84, having a very broad maximum in the 
visible. The measurement of the short-wavelength 


region of the excitation spectrum was rather diffi- 
cult owing to the low intensity of the light source 
at those wavelengths. Therefore beyond 0-5, the 
detection of any infrared emission was impossible, 
The 1-72 €mission was found to be excited by 
irradiation in both excitation bands, whereas the 
1-57 emission was excited only by irradiation in 
the broad band. The emission intensity decreased 
with increasing temperature; at room temperature 
only a very weak infrared luminescence was found. 
On removing the 3650 A irradiation at 80°K, the 
paar? : infrared emission fell very slowly. 
Wavelength in microns When the phosphor was excited by 2537 A, 1.e. 
Infrared fluorescence spectrum at 80°K of beyond the fundamental absorption edge, without 
‘u, Al; ZnS : Cu, Al, Co; and ZnS :Cu, Ga. simultaneous irradiation at longer wavelength, a 
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weak infrared emission was obtained in the 1-6u 
region. For silver-activated ZnS phosphors, no 
infrared fluorescence was observed at wavelengths 
below 3y. 


escence (arbitrary units 


flu 





of the infra-red 


Intensity 





10 12 14 

Wavelength in microns 
Fic. 2. Infrared excitation spectrum for the fluorescence 
shown by Fig. 1. The total infrared emission intensity 
is plotted against the wavelength of the exciting radiation. 


(b) Infrared quenching of the visible fluorescence 
For ZnS : Cu, Al the visible fluorescence may 
be quenched by infrared irradiation at room tem- 
perature. The quenching spectrum (Fig. 3) con- 
sists of a peak at about 1-4 and a broad band 
starting at about 0-8. For the samples 1 and 2 
({Cu] < [Al]), the quenching was less pronounced 
than for the samples 3 and 4 ([Cu] > [Al]). A very 
marked quenching effect occurred the 
phosphor also contained cobalt (sample 5). On 
cooling the phosphor to about 200°K, the 1-4y 


when 


quenching fell to zero. 


(c) Infrared stimulation of the visible phosphorescence 

At 80°K the phosphorescence was stimulated by 
infrared irradiation of suitable wavelength (Fig. 4). 
The stimulated emission was green for the samples 
1, 2, and 5, and also contained blue for the samples 


et 


3 and 4. A yellow emission was stimulated in 
sample 6. On increasing the temperature the inten- 
sity of the stimulated emission fell rapidly to zero. 

In the case of copper contents higher than the 
aluminium content (sample 3 and 4), yet another 
quite different stimulation was observed at 1-36 
and at wavelengths shorter than 0-8u (Fig. 5), 
which was found to depend on the temperature in 





Intensity of the visible fluorescence 


} 
+ 
} 
| 
} 





| a on ee ae a ae 2 
04 O06 O08 WO 12 14 FE 18 
Wavelength in microns 
Infrared quenching spectrum at 300°K of 
and ZnS : Cu, # 


Fic. 3. 
visible fluorescence of ZnS : Cu, Al 
Co (uncorrected). 


the same way as the quenching of the fluorescence. 
The stimulated light was green, in contrast with 
the stimulated emission at 1-2y. 

For ZnS : Cu, Ga (sample 6) a yellow stimula- 
tion was found at the same wavelengths and with 


the same temperature-dependence. 


5. DISCUSSION 
Table 2 gives the wavelengths obtained and the 


stimulation of 
ea? 


corresponding energy values. The 
the phosphorescence at about 1-2y, 2 
and 1-0, mentioned in the first part of sub-section 
4(c), is probably connected with electron traps, ") 
and will not be discussed here. 

The remarkable similarity of the infrared ex- 
citation spectrum, the quenching spectrum, and 
the green and yellow stimulation spectrum for the 
samples 3 and 4, and sample 6, respectively, 


5, 0-9p, 





Table 2. Summary 


Infrared fluorescence: 
emission 
d fluorescence: 


excitation 


Visible fluorescence: 
infrared quenching 

Visible phosphorescence: 
infrared stimulation 


4. Infrared 
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Zn S+10"& Cu+10-Al 
} -¢ 
and ZnS+10-*Cu+10 Ga 


2ZnS+10~"Cu+I0~ “Al +107* Cp 








re 16 18 26 
Woevelength in microns 
stimulation of the visible phosphor- 
escence at 80°K. 


experimental results \eads us to suppose that all three processes men- 
tioned in sub-sections 4(a), 4(b), and the second 
part of 4(c) are governed by the same transitions. 


A( 2) 


AE(eV) ; 
In discussing these processes we shall use the band 


scheme given by Fig. 6. Excitation of a copper- 
activated ZnS phosphor with 3650 A lifts an elec- 
tron from an occupied copper level into the con- 
duction band (transition 1). A free electron may re- 
combine with an empty activator level (transition 
2) under emission of light, or may be trapped. The 
quenching of the fluorescence may, according to 
Kiasens®) and Browne, be attributed to the 
transition of a positive hole from an “empty” 
copper level into the valence band, i.e. an electron 
is lifted from the valence band into the empty level. 
The free hole may recombine without radiation 
with a trapped electron. Cobalt incorporated in the 
phosphor causes deep electron traps and radiation- 
less recombination (killer). The bands in the 
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quenching spectrum may be attributed to transition 
3 (0-9 eV) of the hole from the ground state into the 
first excited state, and to transition 5 (> 1:5 eV) 





08 70 

Wavelength i 
250°K of the 
4A], 


4Ga. 


stimulation at about 
ZnS +1:2 x 10-4Cu+10 
4Aland ZnS+10-4Cu+-10 


Fic. 5. Infrared 
phosphorescence for 


ZnS +3:0 x 10-4Cu+10 





Conduction band 








Valence band 





Fic. 6. Level scheme for ZnS : Cu, Al. 1 and 2 indicate 
transitions of an electron, 3-7 are transitions of a positive 
hole. 


which is an ionization. At low temperatures transi- 
tion 3 causes no quenching, but at higher tempera- 
tures the excited hole is lifted to the valence band 
thermally (transition 4), and then quenching is 
made possible. 


On the other hand, an excited hole may fall 
back to the ground state, and also a free hole may 
be captured by an “occupied” copper centre. As 
the quenching spectrum and the infrared excitation 
spectrum show the same maxima, we are led to 
believe that the emission peaks correspond to the 
transitions 6 and 7 (0-79 and 0-72 eV, respectively). 
At lower temperatures more free electrons will be 
trapped, and thus a higher concentration of 
“empty” copper centres will result. ‘Therefore, we 
expect: (1) that the infrared fluorescence intensity 
will increase with decreasing temperature, (2) that 
an excitation corresponding to transition 3 alone 
will cause only an emission corresponding to 
transition 7, and (3) that with 2537 A excitation, 
assuming that it produces free holes and electrons, 
infrared emission will occur without the necessity 
of excitation with infrared. This is in full agree- 
ment with the experimental results. ‘The proposed 
model gives rise to a FRANCK—CONDON shift of 0-2 
eV for the emission and excitation correspol dir g 
to the first excited state, and 0-7 eV in the case of 
an ionization. The stimulation mentioned in the 
second part of sub-section 4 (c) also seems to be 
connected with the transitions 5, and 3 followed by 
4. In the case of ZnS : Cu, Ga, we suggest that the 
yellow emission is stimulated owing to the fact that 
free holes recombine with electrons trapped by the 
gallium centres. Although the infrared stimulation 
is not yet completely understood, the striking anal- 
ogy between the observed processes suggests the 
following interpretation of the green stimulation of 
the ZnS : Cu, Al samples 3 and 4: When more 
copper than aluminium is incorporated, new 
centres are formed (e.g. S vacancies). We suppose 
that these centres introduce electron energy levels 
near the conduction band. When a free hole re- 
combines without radiation with an electron 
trapped in such a centre, the energy is transferred 
directly to a green copper centre by resonance. 
Excitation of a blue copper centre by resonance 
transfer appears to be impossible. 

Our model of the copper centre in ZnS sup- 
ports the idea) that copper at a zinc site of the 
ZnS lattice can be described as an effective nega- 
tive charge to which, in the case of an “empty” 
centre, a positive hole is bound. One might there- 
fore expect a complete series of energy levels. This 


supposition might be corroborated by more de- 
tailed experiments. 
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Abstract—A simple explanation is given of the unusual behavior of CuCl, -2H,O, which has 
a Néel temperature of 4:33°K but a broad maximum in the magnetic susceptibility at about 4-8°K, 
The explanation is based upon the fact that in CuCl, -2H,O the strongest interaction exists only 
in linear chains, and hence it is not as effective in determining the long-range order as it is in deter- 


mining the short-range order. 


CuCl + 2H2O is an antiferromagnet with a Néel 
temperature of 4:33°K.9) The specific heat has 
been measured by FRIEDBERG, ?) who found a curve 
of typical shape but with a rather larger “‘tail”’ than 
is usual above the Néel temperature. The magnetic 
susceptibility has been measured by GORTER et 
al.,) who found a normal behavior below the Néel 
temperature; but above the Néel temperature the 
susceptibility continues to rise with temperature 
and goes through a broad maximum at about 4-8°K. 
GortER also points out that the magnitude of the 
susceptibility is rather smaller than one would ex- 
pect. The purpose of the present paper is to suggest 
a simple explanation for these three departures 
from the usual behavior of antiferromagnets. 
The physics of the explanation can be sum- 
marized very easily after studying the structure of 
the crystal. CuClp-2H2O is a crystal of the 
rhombic bi-pyramidal class with a unit cell, shown 
in Fig. 1, of dimensions 7-38, 8-04, and 3-72 A for 
a, b, and c, respectively. In the unit cell there are 


@Cu 











Fic. 1. The unit cell of CuCl, : 2H,O. Only copper atoms 
and oxygen atoms are shown. 
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two copper atoms at (0, 0, 0) and (4, 4, 0); four 
oxygen atoms at (0, 0-25, 0), (0, —0-25, 0), 
(0-5, 0-75, 0), (0-5, 0-25, 0); four chlorine atoms at 
(0-25, 0, 0-37), (—0-25, 0, —0-37), (0-25, 0-5, 
0-37), (0-75, 0-5, —0-37). The hydrogen positions 
are unknown. From Fig. 1 we therefore see that 
each copper atom has two nearest neighbors, 
vertically above and below along the c-axis and 
four next-nearest neighbors in the a—b plane. From 
nuclear-magnetic-resonance studies, PouLis and 
HARDEMAN") conclude that all the electron spins in 
an a-b plane are parallel to one another and anti- 
parallel to the electrons in the a—b planes vertically 
above and below. The magnetic studies of GORTER 
et al. support this conclusion and show that the 
“easy direction” for the spins is along the a axis. 
This arrangement of spins is shown in Fig. 1. 

We now postulate that this spin arrangement is 
due to an antiferromagnetic coupling between the 
nearest neighbors along the short c-axis and a 
ferromagnetic coupling between the next-nearest 
neighbors in the a-b plane. This is certainly the 
most obvious coupling scheme which would give 
rise to the observed spin arrangements. Actually 
the following argument would not be affected if 
there were additional ferromagnetic couplings in 
the a-b plane, but it is essential that the antiferro- 
magnetic coupling from one plane to another 
should exist only between the nearest neighbors 
along the c-axis. Thus, for example, it is essential 
for the argument that any coupling between two 
copper atoms such as (0, 0, 0) and (4, 4, 1) should 
be negligible, 
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Let the antiferromagnetic coupling along the 
c-axis be of magnitude / and the ferromagnetic 
coupling in the a—b plane be of magnitude J’. Then 
we can understand the behavior of CuCle - 2H2O if 
we accept the second postulate that 


J'<J. (1) 


The explicit calculations to be described later give 
a best fit with a value of 0-165 for the ratio /’//. 
We Néel 


chiefly determined by the magnitude of /’ because 


now notice that the temperature 1s 


mger antiferromagnetic coupling exists in 
only one dimension. Thus, for example, if /’ were 
zero, we would be left with a set of unconnected 
hains running along the c-axis, and hence 

linear chain cannot 

order no matter how strong the 

tic coupling is. Hence if /’ is small 
Now consider the short-range 
this is 
[/kT) 


for horizontal 


shly speaking, 


rs exp ( 


/’/k) even at 

which be- 

nall, i.e. there 

tiferromagnetic 

‘hus the spins will still be 
ntiparallel and so the susceptibility 


ue to rise with temperature until thermal 


. 11 
ation gradually 


breaks down this coupling and 


the susceptibility will then go through a broad 
maximum 
74. : m4 ] 
lhis simp! 


unusual features of CuCle 


e explanation accounts for the other 
-2HeO also. Because 
there is an exceptionally large amount of short- 
range order along the c-axis, the tail to the specific- 
heat wave must be larger, and the absolute mag- 
nitude of the susceptibility must be smaller, than 
we would normally expect at any particular value 
of 7/T, 

For explicit calculations we use the simple Ising 
model and solve the order—disorder problem by 
using the Bethe—Peierls method. We divide the 
lattice into two sub-lattices, p and m, each one 
consisting of alternate a—b planes. Thus each atom 
has two nearest neighbors vertically above and 


below along the c-axis which are on the other sub- 


I 


lattice and to which it is coupled antiferromagnetic- 
ally, and four next-nearest neighbors lying in the 


same a-b plane and hence the same sub-lattice to 
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which it is coupled ferromagnetically. For com- 
plete order all the spins on the p sub-lattice are + 
and all those on the m sub-lattice are —; in this 
case we say the spins are all “right”? and any devia- 
tions we call ‘‘wrong’’. 

In the usual way we must consider a cluster of 
atoms consisting of a central atom and the sur- 
rounding shell of atoms to which it is coupled. 
the outside 
effects on the shell 
whether the latter lie in the same a— plane or not, 


Because atoms will have different 


atoms, depending upon 
i.e. on the same sub-lattice or not, we must use two 
long-range-order parameters for the cluster. 
Furthermore, in the presence of a magnetic field 
clusters centered on a p sub-lattice atom are not 
equivalent to those centered on an m sub-lattice 
atom, so that we must consider these two types of 
cluster separately and use a pair of long-range- 
order parameters for each 

First consider a cluster centered on a p sub- 
lattice atom. The relative probability of any ar- 
rangement of spins over this cluster of seven atoms 
can be written down immediately by using the 


following factors: 


]/kT) for every (+ +) or ( ) 
between sub- 


exp( 

pal along the c-axis (1 € 
lattices) 

exp(—/’/kT) for every (+ 

the a-b plane (i.e. in 


) pair in 

the same sub- 

lattice) 
exp(—2yH, kT) if the central atom is 
(—) 

A, for each nearest neighbor in the shell 
which is (+), i.e. 

¢; for each next-nearest neighbor in the 


) 1.€. 


Here A; and ¢) are long-range-order parameters in- 


“wrong”’ 


‘ 


shell which is (- ‘wrong’. 


troduced in the usual way. 

Then we can sum over all those distributions 
with the central atom (+), i.e. “right” to give the 
total relative probability of this atom being “right” 
as 


Rp = (1+0A;)°(1+1¢1)". (3) 


the sub-script p being introduced to signify this 
refers to a p sub-lattice atom. Similarly the total 
relative probability of the central atom being (—) 
i.e. ““wrong”’ is 


Wy s(t+A})*(r+¢1). (4) 
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Then, if Py and My are the real probabilities of a 
spin on the p sub-lattice being (+) and (—) re- 
spectively, 


Py =Rp|(Rpt+Wp), Mp =Wo|(Rp+Wy). (5) 


But from the rules given by equation (2) we can 
also write down an alternative expression for Pp 
by asking for the probability that one of the shell 
atoms belonging to p be (+). This probability is 
the sum of two terms: the probability the center 
atom is (+) times the probability the shell atom is 
(+) given that the former is (+), plus the pro- 
bability that the center atom is (—) times the pro- 
bability the shell atom is (+) given that the former 
is (—), 1.e. 

Pp Py (1+9rd1)+ Mpr (r+¢1) (0) 
that is, 


My (r+¢)). (/) 


Similarly from this same cluster we can write 


Pod ( | +r ) 


down the probability that an m sub-lattice spin be 


(—) as 


Mm = Pp/(A+tA1) + Mot/(t+A1). (3) 


Now consider a cluster centered on an atom of 
the m sub-lattice. We can write down the relative 
probability of any arrangements of spins over this 
cluster using the factors: 

exp(—//kT) for every (++) or ( ) 
pair along the c-axis (i.e. between sub- 
lattices) 

exp(—/'/kT) for every (+ 
the a-b plane (i.e. in the same sub- 
lattice) 

exp 
( 


Ao for each nearest neighbor in the shell 


) pair in 


2uH/kT) if the central atom is 


which is (—), i.e. “wrong” 
¢2 for each nearest neighbor in the shell 


which is (+), i.e. “wrong”’. 


Agand ¢gare also long-range-order parameters. The 
total relative probability that the center atom be 
(—), i.e. “right’’, is 

Rm 


7 


s(1 +tA2)*(1 +rd¢2) : (10) 


and the total relative probability it be (+), i.e. 


2H,O 
‘wrong’, 1s 


Wm (t+A2)*(r+¢2)*. 


Hence from this cluster we obtain the real prob- 
abilities that a spin of the m sub-lattice be (—) or 
(+) as Mm or Pm respectively where 


Mm Rm (Rin+ Wm); Py 


Wm (Rin+ Wm). 
(12) 


An alternative expression for M),,, derived in just 


the same way as (6), is 


Mm Mm (1+rd¢2)+Pmr (r+¢2), (1 3) 


that is 


Mnd2/(1+1rd2) = Pm/(r+¢2). (14) 


Finally from this cluster we can write down the 
probability that a p sub-lattice spin be (+) as 


P» Vin/(A+ the) + Pmt /(t+A2). (15) 

From these expressions we must find four con- 
sistency equations to solve for the four parameters 
di, $1, A2, 62. Two such equations are given already 
by equations (7) and (14); two more come from 
equating the expressions for P, given by (5) and 
(15) and by equating those for M» given by (8) and 
(12). 


These four equations are solved for the un- 


The problem is now solved in principle. 

knowns dj, 41, A2, 62 and then we can write down 

the magnetic moment as 

M =$Np[Pp—Mpt+Pm—Mm]) = Nu[Pp—Mm]. 
(16) 


The problem is greatly simplified because we 
need only the susceptibility in small fields H. We 
therefore expand 

l—e 


2uH/kT 


(17) 
where € 
is small. We first solve the equations for « equal to 
zero and then compute the corrections to first order 
when e is small but non-zero. 

When e is zero, the equations are satisfied 
identically by 
Ay = Ao = A, : 
(18) 


d1 = $2 = d. 
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(1+7A)?(1+7¢)4, 
W = (t+ A)*(r+¢), 
be comes 


d(r+¢)R =(1+rd)W. 


Equating (8) to (12) gives 


A(t+A)R =(1+0d)W. 


From (20) and (21) we deduce 
h2(1 + 1A) +¢r(1 —A*)—A(t+A) = 0. 
From this equation we notice that ¢ and A become 
unity together and one solution is always the dis- 
ordered Sé lution 
23) 


From an examination of (20) and ( 


22) we deduce 
that below a certain critical value of T there exists 
another solution with A and ¢ unequal and smaller 
than one. This is the ordered solution. We deter- 


mine the critical point in the following way. Let 


d 1 —o, (24) 


a 


where 8) and ds are small. Then (22) gives 


whereas (20) gives 


(1—z)(1+-r) 
(26) 


Oj. 
(1+7)(2r—1) 
The solutions of these equations are 5; and 42 zero 
or 


r=1-—2/2 


which is an equation to give the critical point. 


Define « by 


al 


then 
and (27) becomes 


t.% « 


where f, is the critical value of t. As « becomes 
small, t, tends to zero, i.e. 7’, tends to zero. This 
confirms the qualitative argument given earlier 
that 7; is chiefly dependent on the value of J and 
goes to zero as /’ goes to zero. Above the critical 
value of ¢ the only solution is the disordered solu- 
tion given by equation (23); below t¢ equations (20) 
and (22) must be solved simultaneously for A and 
¢@, using numerical methods. Assuming this to be 
done, we now solve the equations in the more 
general case when « is not zero. Working through- 
out just to first order in €, we put 


d+die, 
d+ doe, 


Ay A+cyle, } 
Ag A + C9€, do 
where A and ¢ are the solutions for zero e. 


Solving for cj, co, d;, and de, a great deal of tedious 


algebra gives eventually 
—d(r+26-+r¢2), 
do(r+ 2¢+1r¢?), 


Ad(1+rd)(r+¢) 
Bd( ] + rh \(r+¢) 


(32) 
—cot(t+ 2A+ tA?)(1+4+2tA+A?) 
A(1+1A)2(t-+A)? 
cyt(t+ 2A+ tr?)(1+ 2tA+A?) 

A(1 + ta)?(t+-A)? 


BX(1—t?) 
‘ 
(1+td)(t+A) 
AX(1—t??) 
B+ 
(1+72A)(t+A) 
where we have introduced 
4dr 4d, 
(1 +rd) r+d (3 
4d, 


4dor 
7 + ere : 
| +rd r+¢d 


2cit 2c} 
(142A) (t+) 
2cot 2c 


B=1-—- 4 — 
(14-0) t-+a 


In terms of these quantities the susceptibility from 
equation (16) is given by 


2u2H A(t+A)(1+72A) 
RT (14+2t4+22)2 © 


M/H 1+B) (34) 


which, solving (32) and (33) for (A+B), gives 
4u2N A(t+A)(1+1A) 
x 
kT (1+2tA+A?)? 


2A(1 —1?) 44(1—r?) 
x 1 - 
1 


-] 
a ie lace | . (35) 
1 + 2tA+A?) (r+ 246+7¢?). 
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In the disordered region this expression for y 
simplifies to 
p2N lo 2t 


ponsinlinainanlonnins (36) 
2kT, T 1—2t(1—r) 


X 
This expression has been plotted, for various 
values of «, against 7/7, in Fig. 2 using the rela- 
tion obtained from equation (2) that 


T logt 


(37) 


pee ’ 
log t 
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Fic. 2. The magnetic susceptibility of CuCl, - 2H,O for 

various values of «. The heavy curve is the experimental 

curve as determined with a single crystal. The dashed 

curve is the experimental value deduced from powder 
measurements. 


O-50 ¢ 


and for each value of « solving equation (30) to give 
t-. From Fig. 2 we see that the susceptibility has a 
broad maximum above the Néel temperature for all 
values of « smaller than 0-21. We also show the 
susceptibility below the Néel temperature which is 
obtained by solving for A and ¢ numerically and 
substituting into equation (35). From the experi- 
mental curve given in Fig. 2, we see that « ~ 0-165 
gives a good fit between theory and experiment. 
The precise value of « to take depends upon which 
of the two experimental curves is chosen. 

The theory shows that there is an abrupt change 
of slope in the susceptibility curves at the Néel 
temperature, whereas both the experimental curves 


seem to show an abrupt change slightly above 7. 
It seem likely that this is not a real effect. 
According to GoRTER the susceptibility maxi- 
mum occurs at about 4-8°. Now from equation (26) 
it is possible to plot the position of the maximum as 


a function of «. Determining « by this method gives 
a =(0-165. (38) 


We can also compute the specific heat and com- 
pare to experiment. We find eventually 


C,/Nk 
d (1-+At) At * br 
( l +¢r) J 


2t[log t]? x 


(39) 


x —|——— —+2a 
di\(14+20A+22) L(1-4At) 


which is plotted for various values of « in Fig. 3. 
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Fic. 3. The specific heat of CuCl, - 2H,O. 
We see from this figure that the agreement with 
experiment is very poor, but this is only to be ex- 
pected because we have used the Ising model to 
describe the interactions, and this is a very crude 
model especially for calculating the specific heat. 
We can see this very easily by computing the 
partition function at high temperatures ard 
evaluating the susceptibility and the specific heat. 
The leading terms of a series in powers of 1/k7 are 

4u? 1 
x = ie. C,/R=- H 2 


= ——; " (40) 
kT * k?T2N 


where S, is the total z component of spin and # is 
the Hamiltonian. Now S? is just V/4, and so the 
leading term for the susceptibility is the same for 
Ising and Heisenberg models. But #2 for the 
Heisenberg model is exactly three times that for 
the Ising model. At high temperatures therefore, 
because we have used the Ising model, we should 
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expect to get the correct result for y but a result 
only one-third of the experimental specific heat. 
Furthermore because the total amount of entropy 
associated with the specific-heat curve is the same 


on either model, i.e 


he Ising model gives low 


igh temperatures, 


it must give 


low temperatures. From Fig. 3 it 
that this is just the behavior found 

this argument we may expect to get rea- 

agreement with the magnetic-susceptibility 


any agree- 


uuld expect 


for both sus- 


‘iment 


MARSHALL 
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Note added in proof: Since this paper was written, 
Dr. H. M. Gijsman has kindly informed me of some 
details of the measurements of Xq made by him and 
VAN DEN HANDEL. These measurements were briefly 
reported by VAN DER MAREL et al.‘*) From their measure- 
ments VAN DEN HANDEL and GIJSMAN conclude that the 
maximum in Xa for small applied fields probably occurs 
at a temperature a little higher than 5-0°K. (Unfortun- 
ately this temperature range cannot be examined care- 
fully.) If we take the position of the maximum to be 
K instead of the 4-8°K deduced by VAN DER 
and use this result to determine «, we 
138. I am grateful to Dr. 
GIJSMAN for communicating this before 


publication and for a correspondence on this point. 


about 5:2 
MAREL et al 
obtain a result of « 
information 
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Résumé—Le spectre de résonance magnétique des protons de |’acide trichloracétique a été observé 
dans une poudre ainsi que dans les monocristaux pour plusieurs orientations de ceux-ci dans le 
champ magnétique. Cette étude a montré que |’acide trichloracétique est dimérisé. La distance 
entre les protons d’un dimére est égale a 2,56-+0,02 A. II existe dans le cristal deux orientations 
des axes proton—proton faisant entre elles un angle de 31° +30’. 


Abstract—Proton magnetic resonance spectra have been observed for both monocrystalline and 
polycrystalline samples of trichloracetic acid. They provide evidence that the acid is a dimer with a 
proton-proton distance of 2:56 +-0-02 A. 

The spectrum of the single crystal was studied as a function of orientation in the magnetic field and 
indicates the presence of two orientations of the proton—proton vector in the crystal, inclined at an 
angle of 31 30’. 

A y-irradiated polycrystalline sample was investigated at room temperature and the temperature 
of liquid nitrogen, and a comparison of the spin-lattice relaxation times suggests that the—C—C], 


groups are rotating at room temperature. 


1. INTRODUCTION 
L’EXISTENCE de groupes relativement isolés de 
spins identiques dans un cristal conduit a une 
structure de leur raie de résonance nucléaire. 
PakE") a étudié le cas de paires de protons et a 
montré que le couplage magnétique dipolaire entre 
les deux spins d’une paire déplace leurs niveaux 
d’énergie dans le champ magnétique appliqué et 
donne naissance a deux raies de résonance dont 
l’écartement est : 
s 


Ip 
AH : (3 cos?0—1) 


7 


ou p est le moment magnétique du proton, 7 la 
distance entre les protons de la paire et 6 1’angle de 
"axe proton—proton et du champ magnétique. 
Ces deux raies présentent une certaine largeur 
causée par l’interaction dipolaire des protons avec 
les spins extérieurs a la paire considérée. 
Lorsqu’on a affaire a une poudre cristalline, les 
directions des axes proton—proton sont réparties au 
hasard et la courbe de résonance présente deux 
maxima distants de 3y/r? approximativement, et 
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d’autant plus accusés que la largeur des raies de 
résonance de chaque microcristal de la poudre est 
plus faible. 

Une étude de la résonance nucléaire des protons 
permet donc de déterminer la distance entre les 
protons de chaque paire ainsi que l’orientation des 
différentes paires existant dans le cristal. Cette 
étude a été effectuée dans le cas de l’acide tri- 
chloracétique. 


2. MODE OPERATOIRE 

L’observation des courbes d’absorption nuc- 
léaire des protons a été effectuée au moyen d’un 
spectroméetre a bobines croisées a une fréquence de 
16 MHz. Le signal était détecté par un ampli- 
ficateur (( Lock-in)) et l’on enregistrait la dérivée de 
la courbe d’absorption. La mesure du temps de re- 
laxation 7} des protons a été effectuée par passage 
rapide du champ magnétique 4 travers la valeur de 
résonance, le spectrometre étant réglé sur le mode 
dispersion. °°) 

Des mesures ont été réalisées avec des poudres 
cristallines ainsi qu’avec des monocristaux. 








ibrication des monocristaux a été réalisée en 


four a 


re dans un 
tube contenant de 
u, cCOmportant a sa 
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ob- 


plusieurs centimetres 


— 1? 
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effet, tous les échantillons donnaient des courbes 
identiques aprés avoir été réduits en pourdre. I] 
n’est donc pas possible, pour enregistrer une 
courbe de résonance de pourdre, de fondre l’acide 
trichloracétique pour augmenter le coefficient de 
remplissage 

Il n’a, d’autre part, pas été possible d’observer 
absorption nucléaire a la température de |’azote 
'iquide avec des échantillons ordinaires; le temps 
de relaxation 


spin-réseau des protons augmente 


( 
alors considérablement et l’on ne peut éviter de 
saturer le signal par le champ de radio-fréquence. 


I] est possible de diminuer ce temps de relaxation 


en irradiant |’échantillon par des rayons—y. Une 


irradiation de 10’r par une source de cobalt 60, a 


fait passer, 


dans notre échantillon le temps de 
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rption nucléaire des protons dans un monocristal d’acide trichloracétique. 





] 


Le pic du milieu correspond a |’eau résiduelle 









RESONANCE NUCLEAIRE DES PROTONS DANS L’ACIDE TRICHLORACETIQUE 


relaxation 7}, dans |’azote liquide, de 220 a 15 sec 
et a permis l’enregistrement du signal. 

Toutes les manipulations d’acide trichloracé- 
tique ont dt étre effectuées dans une boite a gants a 
atmosphére désséchée, car ce produit est tres 
hygroscopique. On n’a pu cependant éviter la 
présence de traces d’eau résiduelle qui donnaient 
un petit pic étroit au centre des raies de résonance. 


3. RESULTATS EXPERIMENTAUX 

(a) Courbes de monocristal 

Nous avons réalisé des séries d’enregistrements 
de courbes de résonance nucléaire de protons dans 
des monocristaux d’acide trichloracétique a la tem- 
pérature ordinaire. Entre chaque enregistrement le 
cristal subissait une rotation de 6° autour d’un axe 
perpendiculaire au champ Des 
mesures ont été effectuées pour trois orientations 
différentes de l’axe de rotation par rapport aux 
axes Cristallins. Chaque enregistrement comporte 


magnétique. 


deux doublets dont l’écartement varie sinusoidale- 
ment en fonction de l’angle de rotation du cristal, 
avec une période égale az ainsi qu’il est prévu par 
la théorie. Ces courbes indiquent donc la présence 
de deux directions des axes proton—proton dans le 
cristal. La Fig. 1 reproduit un enregistrement 
réalisé dans un monocristal. La Fig. 2 montre la 
variation de la distance entre les raies de chaque 
doublet avec l’angle de rotation du cristal dans le 


champ magnétique. 








| 


Fic. 2. Variation de la distance entre les raies de chaque 


doublet de resonance des protons en fonction de |’angle 


de rotation du cristal dans le champ magnétique. 
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La largeur des raies individuelles, entre ex- 
tréma de leur dérivée, varie entre 0,4 et 0,6 Oc 
suivant l’orientation du cristal dans le champ mag- 
nétique. Cette faible largeur provient de ce que 


’encombrement stérique des groupes C—Cle 


impose une distance assez grande entre les paires 
de protons de diméres voisins. Quant aux mo- 
ments magnétiques nucléaires des chlores, ils sont 
trop petits pour élargir notablement les raies de 
résonance des protons. 

En prouvant l’existénce de paires de protons 
isolées, ces résultats montrent qu’a l'état cristallise, 
acide trichloracétique est dimérisé par liaison 
hydrogene, contrairement a l’acide acétique, qui 
est polymérisé en longues chaines.'°) 

Le facteur de séparation des raies, égal a : 

3 
2 2,56 
r2 


0,06 Oe 


correspond a une distance entre les protons du 
dimére de 


d = 2,56-++0,02 A. 


Cette valeur est en bon accord avec la valeur 
déduite des distances interatomiques déterminées 
par diffraction électronique pour les dimeres de 
l’acide acétique et de l’acide trifluoracétique,) en 
admettant dans les groupes oxhydriles, une dist- 
ance O-H de 0,96 A. 

L’angle que forment entre elles les deux direc- 
tions des axes proton—proton existant dans les 
cristal est égal a 

31°+30’. 


(b) Courbes de poudres 

Nous avons observe la resonance des protons 
dans des échantillons polycristallins d’acide trich- 
loracétique, a la température ordinaire avec un 
échantillon ordinaire et a la température de l’azote 
liquide avec un échantillon irradié par des 
rayons—y. 
maxima tres 


courbes des 


ainsi que l’on peut le prévoir d’apres la 


Ces presentent 
accusés 
faible largeur des raies individuelles dans un 
monocristal. La Fig. 3 reproduit un enregistrement 
réalisé a température ordinaire et la Fig. 4 la courbe 
de résonance intégrée, que l’on compare a la 
courbe théorique d’une paire isolée, La distance 
entre les maxima augmente d’environ 10 pour cent 
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Dérin ee 


du signal d’absorption nucléaire des protons d’une poudre d’acide 


trichloracétique a 


température ordinaire. 


a la température de l’azote liquide, ce qui corres- 
pond a une diminution de la distance entre les 
protons d’une paire d’environ 3 pour cent 





Courbe d’absorption nucléaire des protons de la 
tégration de la courbe de la Fig 
d’absorption 


obtenue par 11 
1] 
lée est la courbe 


courbe pointi 


Li¢ 
d’un ensemble de paires de protons distants 
au hasard. 


et d’orientations réparties 


Il ne semble pas déraisonnable que la longueur 
des liaisons hydrogénes puisse varier dans cette 
proportion, compte tenu de la faible énergie de ces 


intéractions. 


(c) Temps de relaxation des protons 

Le temps de relaxation spin-réseau des protons 
a été mesuré dans des échantillons de poudre a la 
température ordinaire et a la température de l’azote 
liquide. 

Dans nos échantillons, il était de : 


1,7 sec a 300°K 


220 sec a 77°K. 

Une telle variation est difficilement explicable si 

l’on admet que la relaxation des protons est die a 

la présence d’impuretés paramagnétiques. Elle 

pourrait étre interprétée par la rotation des groupes 
C—Clg, rotation suggérée par BuyLE-Bopin®) 
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r that of liquid helium, polarized emission is observed from isolated 


larization P 


The polarization does not 


n the concentration of thallium 


0-2. The center responsible for this effect has its 


appear at liquid nitrogen tem- 
Arguments are given which make 


s due to crystal strain or the proximity of the luminescent center to 


ble that there is a 
(Comparison 1 


splitting of the le\ 


els of the excited state of thallium 


made of the experimental results with the theory of the 


1 by VAN VLECK and by OPIk and Pryce. Difficulties with this inter- 


t to the thallium cent« 


r, polarization is not found for luminescent 


temperatures near liquid hel 


i 


INTRODUCTION 
j ] 


been observed in a 


Px LARIZEI 


number of nter is not sym- 


metri ertaining the 


interest to 


symmet 


inquire ther there are processes by which a 


symmetrical center can yield polarized emission. 


For th 
two ob\ 


investigation of such an effect there are 


ious choices of simple and reasonably well- 


One is the F-center in alkali 


o9 ret j nt 
understood centers 


halides 1 the other is thallium in potassium 


chloride first excited state of the thallium 


for ions in a gas and the same 
in describing the ion 

ime suggested that 
the crystalline field would remove the 
degeneracy of the thallium in its excited state, “ 
but it is now generally concluded that this will not 
occur in 8.9 


A theorem due \HN and 


argues, however, that for a wide variety of types ot 


] 1 +* 
crystais Of Cubic symmetry. 


TELLER 0.11) 


centers the spatial degeneracy of the center will 
be removed if it is placed in a crystal lattice. VAN 
ViEcK") and, more recently, Oprk and Pryce“) 
have investigated this effect theoretically in a 
detailed way for a number of centers including 
those with properties similar to the F-center and 
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the thallium ion. It seemed worthwhile, therefore, 


to look for this effect experimentally since it does 
not seem to have been observed in luminescence. 


EXPERIMENTAL ARRANGEMENT 

The thallium ion in KCl has an absorption band 
at 2500 A and a main emission band at 3000 A; a 
weaker emission band is found at 4750 A in samples 
with high concentrations of thallium. The arrange- 
ment of the experiment is shown schematically in 
Fig. 1. Samples, about 1 cm by 1 cm by 2 mm, 
were mounted in a helium dewar which has pre- 
viously been described"4) but which has been 
modified by the addition of a quartz window placed 
so that the luminescent emission from the sample 
could be observed at right angles to the direction 
of the incident exciting light. Two sample orienta- 
tions were used. In each case the exciting light fell 
on the (100) face of the crystal; in one case the 
emitted light was observed at right angles from the 
(010) face, and in the other case at right angles from 
a cut and polished (110) face. The samples were 
held against a brass block cooled with liquid 
helium or liquid nitrogen and conduction to the 
block was increased by placing a thin layer of 
vacuum grease between the sample and its support 
where possible. However, illumination of the two 
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large faces and one edge of the crystal by room 
temperature radiation at the windows resulted in 
some heating of the sample. This heating would 
tend to be more pronounced at liquid-helium 
temperature; no attempt was made to measure it. 


[100] 


"aX. 2 











Fic. 1. Schematic drawing of the experimental arrange- 
ment. L is the light source; M is a monochromator; P,; 
is a polarizing prism; S is the sample with the exciting 
light entering a cube face and the emission leaving a 
cube face. F is a filter to transmit the luminescent emis- 
sion from §; P, is a polarizing prism used as an analyzer; 
and D is the detector. The electric vector of the exciting 
light is drawn for the case when it is in the [100] direc- 
tion. The electric vector for the luminescent emission is 
drawn for polarization along the [001] direction. Ex- 
periments were also performed in which the luminescent 
emission was observed through a (110) face. 


A linear arrangement of source, sample, and de- 
tector was also used successfully, but the right 
angle method of Fig. 1 was preferred since it 
effectively eliminated the problem of polarized 
stray light from the monochromator falling on the 
detector. The source was a hydrogen lamp giving 
a continuous ultraviolet emission spectrum in the 
wavelength region of interest. A grating mono- 
chromator was used to monochromatize the ex- 
citing light with a band pass of about 150 A. 
Ultraviolet transmitting prisms were used to 
polarize the exciting light and to analyze the 
emission. A 1P28 photomultiplier was the detector 
and its output was amplified by a d.c. amplifier 
and recorded on a strip chart recorder. 

For the investigation of the F-center in KCl a 
different wavelength region is involved. The ab- 
sorption peaks at 5450A and the emission occurs at 
10,100A. This emission is found, however, only if 
M and R centers are absent®:*) so that special tech- 
niques of coloration are required. In this investiga- 
tion the sample was held in the dewar, cooled to 


liquid-helium temperatures, and then X-rayed for 
an hour at 50K VP and 20 mA through a beryllium 
window. The exciting source was a tungsten 
ribbon filament lamp; its output passed through 
the monochromator and then was chopped at 10 c/s. 
The first polarizer was a standard polaroid film and 
the second one was a special infra-red polaroid 
film. A lead sulfide detector was used and the out- 
put was amplified by a 10 cycle amplifier. 


RESULTS 
Crystals of KCl were measured with two differ- 
ent concentrations of thallium: 20 and 1000 parts 
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Fic. 2. Variation of detector response as the analyzing 
prism, Ps, is rotated using the experimental arrangement 
of Fig. 1. The upper set of curves is for a sample with 
20 p.p.m. of Tl in KCI and the lower set for 1000 p.p.m. 
In each case curve 1 corresponds to excitation with 
polarized light with the electric vector along [010]; 
curve 2 is for the electric vector along [110]; curve 3 is 
for the electric vector along [100]. 
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per million (p.p.m.). The results of measurements 
on the 3000 A emission from these crystals at 
liquid-helium temperatures are given in Fig. 2 for 
emission from the (100) face. Polarizer P; (see 
Fig. 1) was set in each of three positions and the 
detector signal measured as the analyzer, Po, was 
rotated. Curve 1 corresponds to the case where the 
electric vector of the exciting light was in the [010] 
direction of Fig. 1. This corresponds to a direction 
at right angles to the plane of the drawing. It is 
seen that the maximum signal is observed when 
the electric vector of the luminescent light trans- 
mitted by the analyzer is [010] which is parallel to 
that of the exciting light, and is a minimum for 
emitted light polarized in the [001] direction. 
Curve 2 is similar data for P, transmitting light 
with its electric vector in the [110] direction; 
curve 3 corresponds to the [100] direction. In this 
last case, the electric vector of the luminescent light 
is always at right angles to that of the exciting light 
so that it might be expected that there is no varia- 
tion of the detector output with angle of rotation of 
Po. ‘The variation which is found in both samples is 
not the same, it is relatively small, and it is not 
regular. It seems very likely that this is due to a 
small misalignment of Po such that the light trans- 
mitted is refracted slightly and falls on different 
parts of the 1P28 photosurface as Peis rotated. The 
well-known variation of photosensitivity of these 
devices across the cathode surface could then ac- 
count for the observed shapes of the curves marked 
(3). Rearrangement of the equipment between runs 
made 
fact that the two curves marked (3) are not of the 


on the two samples would account for the 


same shape. 
The polarization P of luminescent light may be 


defined as 


—I 
P (1) 
I,+] 


where J, and J, are the intensities of the emitted 
light polarized in directions parallel and perpendi- 
cular to the direction of polarization of the exciting 
light. For the KCl : Tl sample with 20 p.p.m. of 
thallium and excited with light polarized along 
[010], P = 0-21 at liquid-helium temperatures; 
for the sample with 1000 p.p.m. P = 0-18. These 
results appear to be the same within experimental 
error and the maximum polarization may be taken 


and W. 
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as P In the case where the emission was 


through the (110) face, the observed polarization 


0-2. 
was P = (0-1 and was independent of the orienta- 
tion of the polarizing prism. 


* Note added in proof: The polarization was found to 
be constant as the exciting light was varied from the peak 
of the absorption band at 2465 A to points on either side 


of the band at 2370 A and 2590 A. An investigation of 


the emission spectrum failed to show any dependence 
(within 0-01 eV) of the spectrum on the degree of polari- 


zation of the emission. 


At liquid-nitrogen temperature and at room tem- 
perature there appeared to be no polarization in 
any sample of KCI : TI. 

By variation of the filter F of Fig. 1 it was 
possible to look at the weak 4750 A emission which 
appears in samples of high thallium concentration. 
No polarization of this emission was found even at 
liquid-helium temperatures when observed 
through the (010) face. 

No polarization was found in the emission of the 
F-center in KCl through the (010) face at liquid- 
helium temperatures. The minimum measureable 
polarization was about P = 0-05 in this case. 

DISCUSSION 

An analysis was made of the polarization char- 
acteristics to be expected for the various experi- 
mental arrangements used here and for simple 
dipoles oriented along the <100 1105, or 

111 directions in the crystal. All of the low 
temperature observations are in quantitative agree- 
ment with a model which proposes that one out of 
every three thallium centers absorbs and emits like 
a simple dipole along a <100> direction and the 
other two give unpolarized emission. 

The observed polarization of emission could be 
due to a basic lack of symmetry in the center which 
might occur if the thallium ions were clustered, if 
negative ion vacancies were next to the thallium 
ions, or if there were crystal strains which dis- 
torted a symmetrical center. These possibilities 
will be discussed briefly. 

Clustering of the thallium ions seems an un- 
likely explanation for several reasons. First, no 
important difference in polarization is found for 
crystals with thallium concentrations differing by a 
factor of 50. Second, the closest approach of two 
thallium ions would be along the <110> direction. 
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The observed polarization is for centers distorted 
along the <100> directions. Finally, the disap- 
pearance of the effect at liquid-nitrogen tempera- 
tures would mean the breaking apart of such 
clusters at low temperatures. This could only 
happen by the diffusion of positive ion vacancies. 
From the known activation energies for diffusion 
of these vacancies it may be shown that the jump 
frequency is only 1 in 1025 seconds at 100°K.®) 
This would appear to be much too small to cause 
this effect. 

If negative ion vacancies were next to the thal- 
lium ions the correct polarization would occur. 
Here, however, there is again the difficulty that 
these ions would have to diffuse away to eliminate 
polarization at liquid-nitrogen temperatures. Be- 
cause of their increased size, negative ion vacancies 
are even less mobile than positive ion vacancies, as 
has been shown by transport measurements at 
high temperatures. An attempt was made to find 
experimental evidence for association of negative 
ion vacancies with thallium centers by X-raying 
KCl: Tl crystals at liquid-helium temperatures 
and looking for changes in the F-absorption band 
which might arise from electrons trapped at nega- 
tive ion vacancies that are associated with thallium 
ions. For a crystal with 10 p.p.m. of Tl which was 
X-rayed for an hour to a density of 1p.p.m. of F- 
centers, the energy of the peak position decreased 
by 0-3 per cent and the width at half maximum of 
the curve decreased by 1 per cent from values 
measured for a pure crystal. This variation appears 
to be within the accuracy of measurement. For a 
crystal with 1000 p.p.m. of Tl, the peak of the 
band decreased by 1 per cent in energy and the 
width increased 4 per cent. No changes were 
found in the emission spectrum of the F-center 
under these conditions. Since no change was ob- 
served in the polarization of thallium luminescence 
as a function of thallium concentration, the effect 
on the F-band of large thallium concentration is 


probably not connected with polarization at all but 


may reflect a general lattice distortion. 
Mechanical strain may occur either as a uniform 
long range macroscopic strain or as a randomly 
distributed short range strain as might be found 
near dislocations. For luminescent centers dis- 
torted by a uniform strain, the polarization ob- 
served should be independent of the polarization, 
or lack of it, of the exciting light. This is not 


observed. For the randomly distributed strains only 
a rather minor variation in polarization would be 
expected liquid-helium and _liquid- 
nitrogen temperatures since strains should not be 
relieved in this temperature region. 

It seems likely, then, that the observed polariza- 
tion arises in thallium ions at normal lattice posi- 
tions. Since the Jahn—Teller effect offers an ex- 
planation which might account for these observa- 
tions, it will be profitable to examine the applic- 
ability of the effect in this instance. Opik and 
PrYCE treat KCI : Tl specifically and conclude that 
the Jahn-Teller effect would result in a center 
polarized along the <111 > direction. The ob- 
served luminescence appears to be from centers 
oriented along the <100> direction. 

A crude estimate may be made for the jump 
activation energy, F, if the Jahn—Teller effect is the 
cause of polarization. Assume that the frequency 


between 


(P) of jumping from one orientation to another is 
given by 


P= Sexp(—E/kT) (2) 


and that S is a frequency approximately that of 
lattice vibrations. If luminescence is allowed and 
occurs in approximately 10-’ seconds, P must be 
at least 107 for polarization to be removed. We take 
S as 4 10!2 which is the vibrational frequency in 
the neighborhood of the thallium ion. Equation 
(2) then gives a value of about 0-1 for EF if Tis taken 
as 100°K. This would be an upper limit since the 
true quenching temperature is less than 100°K. An 
activation energy of this amount is consistent with 
the values calculated by VAN VLECK in several 
cases. 

A serious difficulty does arise in understanding 
this process for the case of KCl : Tl. A configura- 
tion coordinate curve model has been used to des- 
cribe the optical processes in this system and this 
description assumes strong local interactions of the 
ion with its neighbors. The quantitative curves that 
have been proposed show that immediately after 
absorption of light the center is above the minimum 
of the excited state by about 40 vibrational 
quanta."!5) This high local temperature may be 
dissipated quickly— possibly in 40 vibrations of the 
center, but the problem is whether the center be- 
comes randomly oriented in this time or not. 
Qualitative arguments would seem to indicate that 
randomization would occur, although no careful 
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analysis of the jump frequency has been made for 
these conditions 

\ very different view of optical processes from 
that of the strong local interaction was formulated 
by Pexar"® and by Huanc and Ruys.“”) In this 


the optical transition is accompanied by the 


taneous creation of many phonons through- 


ice. If this were the correct mode for 
actions, no serious problem of local 
Jahn Teller effect 

ected. However, the simplest form of 
any relaxation of the lattice 

l as a result, that 


and it pre 
absorption bands 


licts, 
shapes of the emission and 
For KCl: T1 it is known that the 
} 


] +1 ] 
1Gentical 
he emission Dal 


id at low tempera- 
0-32 eV and that for the absorption band 

-width is 0-11 eV. Also, on the basis of this 

snter should interact with the longi- 

linal optical vibrations of the lattice. For KC] 
these l 
observed value of the interaction frequency of the 
center in its excited state 1s 4-6 


duced from the half width changes with tempera- 


ave a frequency of 6-3 x 10!*c/s. The 
1012 c/s and is de- 


ire of the emission spectrum.“®) There are also 


cepting the long 


for KCl A compro- 


tween these extreme points 


range 


mise may be possible I 


+ 


. 1 
of view of! the interaction oF a center with the 


lattice, 


CONCLUSION 
It is believed that the polarization of the lumin- 
I'l, which appears at 
thallium 


escent emission from KC] 


low temperatures, arises in isolated 


centers in the pure lattice. It appears consistent in 
temperature dependence with values expected on 


the basis of the Jahn Teller effect. There are un- 


resolved difficulties involving the type of inter- 


action between the center and the lattice. For 


nteractions the center would have 
which 


strong local 


high local temperatures for short times 


and W. 
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might make the Jahn-Teller effect unobservable; 
and the interaction frequency and the symmetry of 
band shapes predicted on the weak local interaction 
theory are not observed. These results may point 
to the need for a more careful study of the inter- 
action between center and lattice in this case. 
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Abstract—The properties of photoconductors and photoconducting phosphors are determined by 
states in the forbidden zone. T'wo models are considered for discussing the intensity-dependence 
of photoconduction and luminescence photoconductors. In each model two recombination processes 
between electrons and holes are competing. It is shown that the one-state model, where direct 
recombination may take place between free electrons and free holes or via one impurity state, is 
generally not adequate. 

The two-state model with two discrete states having different capture cross-sections for capturing 
electrons and holes, can explain satisfactorily many aspects of photoconductors quantitatively, such 
as superlinearity of luminescence and photoconduction, changes in power from 1 to 0°5 in the con- 
ductivity versus intensity curves, activation and killing of phosphors, saturation, etc. 

Dusoc’s method of considering all possible combinations between simplified versions of the 
equations describing the stationary state was applied successfully to the mathematical solution of the 
two-state model. Although there are 128 such combinations, all of which may occur under appro- 
priate conditions, only a few occur in each individual case when only the intensity of excitation is 
varied. Others may appear when the temperature is varied. 

A few practical cases are analysed and the correct combinations of approximations determined. 
In particular, two examples of superlinearity are studied in detail. It appears that the general 
features of the curves can in both cases be described adequately in terms of the model with two 
discrete states, without having to introduce energy distributions of ‘“‘ground states’’, as proposed 
by Rosse. However, a problem remains in that the range of light intensity over which superlinearity 
occurs is much greater than is predicted by the simple model]; it is possible that this can be explained 
e.g. by the spatial distribution of photoconductive excitation through the sample, due to the ab- 
sorption of the incident radiation. 


INTRODUCTION 
WHEN materials such as ZnS, CdS, PbO, etc., are 


exposed to radiation which is strongly absorbed by 


these materials, free carriers, electrons, and holes 
are created. A stationary state will be reached after 
a certain period, at which the rate of formation of 
free carriers is equalled by the rate of recombina- 
tion. 

This recombination may take place in various 
ways. Direct recombination between free electrons 
and holes has been found in a number of materials 
such as germanium," silicon,™) InSb,®) CdTe,) 
and CdS.) It is possible that an exciton is formed 
first.©-8) This will be treated here as essentially a 
one-step process. 

17 


~ 


Re) 


More often recombination takes place after one 
of the carriers has been captured by discrete states 
in the forbidden zone. These states are due to im- 
perfections in the lattice, such as impurities, va- 
cancies, or dislocations. If the impurity state is so 
far below the Fermi level in the dark that it is occu- 
pied by an electron, it must first capture a hole 
before recombination can occur between a free 
electron and the captured hole. One or possibly 
both of the two steps in this recombination process 
may proceed with emission of light. 

If both steps are “radiationless,” the whole of 
the absorbed energy is converted into heat. 

After an electron or hole has been captured by a 
discrete state, it may be thermally re-emitted into 
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the conduction or filled band respectively. The 
lifetimes of free and trapped carriers are therefore 
determined not only by a number of capture cross- 
sections also by the positions of the impurity 
and by the temperature. The rate of excita- 
lf is also an important factor in determin- 
upation of the various discrete levels, the 
ations of free carriers and the paths along 
.ost of the recombination takes place. It has 
ved, for example, in fluorescent 
excitation densities 


tors that at low 


centre and at 


If both are 


ition takes place via one 
excitation densities via anothe1 
in the 


78) Tf 


fluorescence 


ed by light emission, a change 


r of fluorescence will then be observed 


4 + t ] ] } 
hirst process 1S radlationiess, the 


} 


——- 7 : : ] +] 1 : 
it ncreases superlinearly with the excita- 


whereas if the second process 1S 


e increase will be sublinear in the 


the recombination changes from one 


1 1 
to the other 


luorescence and photoconduction have many 


common. For example, both are 


he incorporation of the same kind of 


In ZnS, copper is 


a well- 


tivators) 
+ ] } 
r for producing fluorescence, where- 


nto 


sensitive photoconductor 


s to silver 


[he san 
ae 
Both T 


be quenched by thermal or infrared radiation. 


1 . ] ] 
uctance and photoiumiunescence 


irity and superlinearity of photoconduct- 


as a function of excitation intensity have both 


the present paper the intensity-dependence 
juorescence and photoconduction will be con- 
discussing various possible models 

lerived from them, the ex- 

in the literature will be reviewed 

field of ZnS- 


' Jeary | Len, th 
are Grawn oniy from tne 


1 Cd5S-type materials 
v of experimental data on the intenstty- 
lependence of photoconduction and fluorescence 
Various powers m have been observed in the re- 
lation between the photoconduction o and light 
U(c ") Very often, however, these 
\ transition 


tensity “aah 
yowers are near 1 or near 0-5,-16 


} 
from m = 1 - m = 0-5 often takes place when the 
exciting intensity increases within a fairly narrow 


1( 1 1 


range. \4¥-44-40,20 
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Depending on the temperature, the photo- 
current may increase superlinearly over a limited 
range of intensities. 13-17-26) In CdSe single crystals 
the superlinear range was found to shift to higher 
intensities with increasing temperature and to be 
intermediate between ranges with a power near 
unity. (21,22 ‘4 

In the relation between fluorescence J and ex- 
citation intensity U, the most common power is 
unity. At a high exciting intensity, however, 
“saturation”? occurs, the power being less than 
one.’27) With cathode rays, high excitation den- 
sities are easily obtained and saturation fluores- 
with sulphide phos- 


often observed 


phors. °8-82) Superlinear relations have been ob- 


cence is 


served especially at low intensities, with occasion- 
ally powers of 1-5, 2, and 2. 38-43) Incorporation 
of elements such as nickel and cobalt, known as 
“killers’’, shifts the superlinear range to higher in- 
tensities. In the (ZnCd)S—Ag, Ni phosphors, 5.37) 
the superlinear range is intermediate between 
ranges with a linear relationship. Thus at low in- 
very but quantum 


efficiency is found (10-5), which over a narrow 


tensities a small, constant, 
range jumps to a higher constant value. 

ANTONOV—RoMANOvSKY et al.,‘4!-48) measuring 
the quantum efficiency of copper-activated ZnS 
over a wide range, found a “plateau” of constant 
quantum efficiency near one, sloping down to 


lower values at low and high intensities 


POSSIBLE MODELS 

The fact that the incorporation of certain im- 
purities (silver, copper, etc.) in ZnS, CdS, CdSe, 
etc., often enhances the photoconduction and in- 
creases or alters the luminescence shows that these 
impurities are the seats of new recombination 
processes which did not exist before. Since elec- 
trons and holes also recombined before activation, 
there must at least be two possible ways for elec- 
trons and holes to recombine in an ‘“‘activated”’ 
material. Two possible models illustrating such 
competitive processes are shown in Figs. 1(a) and 
(b). In both cases free carriers are produced opti- 
cally by raising electrons from the occupied into the 
conduction band (process U). In Fig. 1(a) direct 
recombination takes place between free carriers 
(process F’) before activation. Activation has pro- 
duced a new level A and has opened up a new two- 


step process J->C. In Fig. 1(b) it has been 
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assumed that recombination in the unactivated 
material occurs via a level H. Such a level may be 
associated, for example, with a vacancy or dis- 
location or it may be a surface level. Another 
possibility is that during activation two new levels 
of the type A and‘H are introduced simultaneously. 


Conduction band Conduction band 








Occupied band Occupied band 
a b 


Possible competitive recombination processes: 
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(a) one-state model; (b) two-state model 


The model most often chosen in the literature, 
when discussing the properties of photoconductors 
and photoconducting phosphors, is that of Fig. 
I(b). 

Although such models are relatively simple and 
often perhaps too simple, the complete solution of 
the stationary state under excitation 1s already very 
complex. Even with simplifying assumptions such 
as the free-carrier densities being small compared 
to the concentration of trapped carriers, etc. 
assumptions which may be valid over a limited 
range of intensities—the complete solution may 
still occupy half a page of print.“4) Moreover the 
physics of the problem is not easily revealed by 
such a solution. To obtain more simple solutions 
further assumptions are then often made to ex- 
plain a certain behaviour of the material. Such 
assumptions are more usually based on intuition 
than on experimental facts, and one may be misled 
easily in this way and draw conclusions which are 
not really justified. 

On the other hand new and complicating 
assumptions have sometimes been introduced 
which are not always necessary to explain a certain 
behaviour. 

For example, to explain the constant efficiency of 
(ZnCd)S—Ag, Ni at low intensities, ROBERTS and 
WILL1AMs“) assumed that the activator gave rise 
to two states in the forbidden zone: the ground 
state A and a second or “‘waiting”’ state above it in 
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which an electron arrives from the conduction 
band and from which it may either be re-excited 
thermally or fall to the ground state. ScH6N 4) has 
shown that this additional assumption is not 
necessary and that the constant low efficiency can 
be explained with the two-level model of Fig. 1(b). 
A superlinear photoconductance can also be ex- 
plained with this model without having to resort 
to a two-step excitation, as Toistror'?) did. 
ANTONOV—ROMANOVSKY et al.\41-48) 
as a new factor the optical liberation of electrons 


introduced 


from traps, with the additional assumption that 
electrons liberated optically behave differently 
from electrons released thermally, in order to ex- 
plain the plateau in the efficiency versus intensity 
curve. 

Buse46) assumed the presence of three discrete 
levels in the forbidden zone in order to explain the 
superlinear behaviour of his CdSe single crystals. 

Rose?-48) went even further by assuming a 
quasi-continuous distribution of bound states in 
the forbidden zone of a photo-conductor. With this 
model fractional powers between 0-5 and 1-0 for 
the current/light curves of a photoconductor can 
easily be explained with suitably chosen energy 
distributions of the discrete states. The phenomena 
of activation, superlinearity, and infrared quench- 
ing of photoconductance, however, led to the 
assumption of two classes of recombination centers, 
both classes giving rise to levels distributed through 
the forbidden gap. A few aspects of RosE’s model 
will be discussed at the end of this paper. 

In our opinion, the authors mentioned above 
have discarded the more simple models of Figs. 
l(a) and (b) prematurely, without realizing their 
versatility. 

It is the purpose of the present paper, therefore, 
first to put these simple models to a full test, to see 
which of them can most accurately account for the 
observed facts and which conclusions can safely be 
drawn regarding the various parameters involved 
in the recombination processes, before allowing for 
additional factors such as, for example, possible 
energy distributions of the impurity states. 

In analysing the kinetics of the stationary state, a 
procedure first used by Dusoc™®) proved to be 
most fruitful. A similar procedure was applied by 
BROUWER™®) to find an easy way of solving KROGER 
and VINK’s™!) set of equations describing the inter- 


dependence between imperfections in a crystal 
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which is in equilibrium with a vapour. Following 
KROGER and graphical method of 

the group of 

the stationary state is replaced 
, each group being 
Solutions of all 

lations are 

possible 
in fact occur, depending on the 
ters, but that, once the parameters 
} 


lal passes through only a 


yinations when the intensity 
ly low to ex- 


varied from extreme 


remely high values. The procedure will first be 


istrated by the more simple model of Fig. 1(a) 


Empty band 








c transitions 


ilibrium con- 


THE ONE-STATE 
In describing the stationary condition during 


used (see 


MODEL 


excitation, lowing symbols will be 


also Fig. 2): 


a total density of recombination centers (A). 
The le VE ls are below the dark Fe rmil lev el. 
density of occupied A levels 
density of empty A levels* 
density of free electrons in the conduction 
band 
density of free holes in the occupied band 


onp 


free carriers 


rate of direct recombination between 


Bna rate of recombination between 


electrons and holes trapped by A 


° it indicate the effective 


By a 


is not intention to 


this 


our 


charges of the centres in is meant a 


centre which has lost an electron. 


way. 
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C apa rate of capture of free holes by 
occupied A centres 

L ya rate of thermal release of holes from 

empty A centres 

rate of excitation of free carriers. Between 


y and « there exists the relationship 
~Ny exp(—E4/kT), (1) 


where EF, is the distance between A and 
the top of the occupied band and N, is the 
effective de nsity of states in the occupied 
band (~ 1019), 
The stationary state is described by the 
following equations: 
a=a°+a 
nN a*+p 
U=I+F 
C=L+I1 
In order to keep the calculation as simple as 
possible, it has been assumed that the band gap is 
so large and the dark Fermi level so far below the 
empty band and so far above A and the full band 


that for U — 0, a, while mp and po can be 
neglected. The analysis given below could easily 


) 
ag' 


be extended to a more general set of equations. 
H 

Such an extension will be discussed in more detail 

below. 

Other factors such as a thermal generation of 
electrons from A can also easily be included by 
adding the appropriate term to equations (4) and 
(5). 

The complete solution of equations (2)-(5), 
giving the relation between n, p, at, and U, is: 

l 
(Pn+ Qn?) —{(Pn+ QOn?)?—4a(Rn?+ Sn4)}* | 
(6) 
U—Bn? 


(S5—B)n 


(xa++y)(P—S) 
B(B+a)—d(B—«) 
(~Ba+ fd —y6)(B—8) 


x86. 
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Although this solution is still relatively simple, We thus have the following set of simplified equa- 
one gets little insight in the total behaviour of m and tions: 
p.as a function of U with various values of the para- (1)a=a° (1)n=a i mec 
meters. ’ 

Using Dusoc’s procedure, we shall now make all (2) a 
possible combinations of the simplest form of A particular situation can in general be d 
equations (2)-(5) by neglecting in turn one of the cribed approximately by one particular combina- 
two terms on the right-hand side of each equation. tion of four simplified equations, one out of each 


at (2)n=p 


es- 


Table 1. Solutions of all quantities involved in the equilibrium kinetics of the one-state 
model for all the possible combinations of Duboc’s approximations 


Pp n 

yU 

af ta 

U 

aa 
ytUt atatUt | yigigili 
Sitaigt Sty dt i 2 

piu atatUt | ptatatut | yatat3 
Statat 5433 : 5434 
yiUt yiUt | yiatatUt | ytaigiva 


o 13 tqt o 9 iqt 


indefinite indefinite 


indefinite indefinite 
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column. There are thus 24 16 such border-line 


cases. In referring to these combinations, it was 
found most practical to introduce a code system. 
Instead of mentioning each time the set of four 
equations which describes a given situation most 
lly, a particular combination of equations 
lesignated by a code number consisting of 
each digit indicating which of the two 
itions of each column has been chosen. For 


a situation indicated by the code number 


, which in fact means that a 
a 
bulk of 


ree electrons and free holes 


or the the recombination is 


or the thermal release of holes can be 


negiected 


Che solutions of n, p, J, F, C, and L as functions 
U for the Table 1. 
‘he same table can be used for a system in which 


16 situations are shown in 


re is one recombination level far enough above 
dark Fermi level to be completely empty when 
1 


nearer to the conduction band, 


nply by substituting m for p and vice versa, and 
| 1g that a* then means a level occupied by 
1 a® an empty one 
itions indicated by code numbers 
values 


ire remarkable because the 


‘are indefinite. The two situations 
approximations [ I 
a*, or l Baz. At 


of pa® is 


and this 
4)i I 


only the product 
is a case where p, a 


09 and F show a 
It will be shown in an example 


, p and F in- 


in our first 


at this singular value of 


with an infinite power of 


now follow systematically those situa- 


1 
I 
1 
i 


ns whic 1 may arise when, starting from very 


low values, U is increased 


\t extremely low values of U, a® always equals a 
I. (thermal equilibrium). One thus has, 
apa. It depends on the 
FE. kT)]|/a, whether p is 
for l -~U 


intensities: ya 
Aa N if xp 
larger or smaller than a 


pa. ( 5) 


onp pna 07 


This ratio therefore determines whether J is 


smaller or larger than F for U — 0. Consequently 
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there are four possible initial conditions, depend- 
ing on the values of the parameters: 


Initial 
situation 


1111 
1211 
1121 


1221 


(9) 


The condition 1111 is favoured by low tem- 
peratures, a large number of activators, and a high 
value of 8/5. Having chosen the parameters such 


| (q°qt 
| lo y 
, ere} 








Fic. 3. Diagram illustrating a change in situation from 

1111 to 2111 at U U,. The transition 1111 —~ 1112 

which would occur at U, where J and C meet (dashed 
lines), cannot take place because U, > U,. 


that this situation really occurs at very low in- 
tensities, one can easily ascertain what will happen 
when U is increased. No change will take place in 
the second or third digit in the code number 
initially, since F and J both increase linearly with 
U, whereas p and n are both proportional to U?. 
What will happen is that either at becomes equal 
to a (the centres are becoming saturated) or I 
draws level with C. In the first case the code num- 
ber changes to 2111, in the second case to 1112. 
What actually happens depends on the values of 
the parameters. If the transition 1111 > 2111 
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occurs at all, it will occur at that value of U at 
which a+ = U!/8! = a(Fig. 3) or U ={Ui{= fa?. 

On the other hand, a change to 1112 might take 
place and that would happen at U = U2 where 
C = yU?/pt =I = U or Ug= y"/B. 

Thus if Ba? < y?/B or Ba << y, U, is smaller 
than Us and the first transition will occur; if 
U; > Us, the second occurs. 


When arriving at the situation characterized by 
the code number 2111, p has just reached the value 
pi = y/a and F = F, = dya/« (Fig. 4). In the 














—+ logU 
Fic. 4. Diagram illustrating the vertical jumps of p and 
F in the situation 2111 at U, = fa*. F jumps from F;, to 
U, and p jumps by the same amount. 


situation 2111 itself, p, a®, and F are indefinite and 
only the product pa® is defined (= ya/«). Since a® 
can only become smaller than a, p can grow in a 
vertical direction (in our first approximation U re- 
mains constant) until again a change in code num- 
ber takes place. This can occur not only if p over- 
takes n but also, since F grows at the same rate as 
p(F = dnp), if F catches up with U. 

In the first case p and also F would increase by 
a factor a/p) = aa/y. In the second case both 
would increase by a factor U;/F, = aBa/yd. It 


depends on the ratio of these two factors which 
transition actually occurs. In the situation shown 
in Fig. 4, F has caught up with U before p has 
drawn level with n, and the code number changes 
from 2111 to 2121. 

Thus if «Ba/yd < «a/y, or B - 
will be 2111 — 2121; but if 8 


number is 2211. In this way one can follow system- 


8 < 6, the transition 


- 6, the next code 


atically which situations arise successively when 
starting from one of the four possible initial con- 
ditions until no further changes can take place. The 
final situations are either 1222 or 2222. Since in 
both cases n = p and J = C, one has a*/a® = «/B. 
Thus the majority of the recombination centres 
will be occupied if « << f (1222) or empty if « > B 

There are 14 possible ways of arriving at one of 
these situations from one of the initial situations. 
These 14 possibilities can be read from Fig. 5, 
where all possible transitions are given, with the 





Fic. 5. Showing the relation between all possible 


equilibrium situations in a one-state model. The arrows 

indicate transitions which can occur when the excitation 
density is increased. 

situations where 


The shaded indicate 


linearity occurs 


areas super- 


Ba?; Us = 


B8.a2 
4 
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values of U at which they take place. This figure 
shows that with our code the digits of the code 


numobders Can 1n 


creas¢ only when l is raised 
the conditions 


In the manner described above, 


ied under which one obtains a partic- 
of situations. It can easily be shown, 
that to proceed according to 1111 —> 

> 2122 —> 2222 the following rela- 


xist between the parameters: y/a - 





proxli- 


recom- 


These conditions are satisfic d, for example, by: 


a = 10!’ cm-3, » 10-8 cm? sec7}, 
B = 10-14 cm sec—1, 6 = 10-12 cm secu}. } 

With the aid of Table 1, the behaviour of our 
model can easily be followed by using a graphical 


102 sec—1, « 
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representation as shown in Fig. 6. The initial con- 
dition is 1111, since y < «a and dy/«Ba. At, e.g., 
U = 1016 cm-% sec~!, this situation still prevails 
with J= U=1016* C=L=10!’, n=at\= 
1015, p = 108, F = 1011, 

The slopeson alog scale with log U as abscissa can 
10918 


Land the code number changes to 1112. 


immediately be read from Table 1. At U 
I=C 
One notices that at lower intensities practically all 
recombinations occur through A, although, with 
I, = C, the level is in thermal equilibrium with the 
occupied band and therefore a “shallow trapping 
state’. In Fig. 7 the values of F and J calculated 


exact values of F and I 
Fig. 6 (dashed lines). 


1G. 7. Comparison betw 
vith the approximate 
from equation (6) are compared with the approxi- 
mate values of Fig. 6. The transition region be- 


tween 1111 and 1112 would, under the chosen 
conditions, produce a power near 1-2 for the re- 
lation between F and U over a substantial range of 
approximately three orders of magnitude. 

A sharp rise such as is found for F and p near 
U = 10° would in practice be less steep. When a 
crystal is exposed to exciting light, the latter is ab- 
sorbed within a layer of a certain depth, depending 

* The dimensions will be omitted from this point 
onwards for the sake of simplicity. 
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on the absorption coefficient. The density of ex- 
citation drops exponentially, and layers near the 
surface will reach the superlinear range at a lower 
intensity of the exciting light than layers further 
removed from the surface. This causes the super- 
linear range to be spread out in practice over a 
larger range than that indicated in Fig. 7. The in- 
fluence of the exponential drop in excitation den- 
sity is counterbalanced to some extent by the 
interdiffusion of free carriers between volume ele- 
ments. Measurements of the photo-electromag- 
netic (P.E.M.) effect have shown, however, that the 
ambipolar diffusion length in sulphide photo- 
conductors is very small (~ 0-1). 60 

At first sight the one-state model seems to 
account for a number of experimental facts. Acti- 
vation of a phosphor and also sensitization or de- 
sensitization of a photoconductor can obviously be 
explained. In Fig. 6, for example, with U < 1029, n 
is 10 times higher than it would have been without 
A. Moreover, infrared quenching of J and m can be 
explained if one assumes that the infrared absorp- 
tion lifts electrons from the occupied band into 
empty A levels. In that case exposure to infrared 
has the same effect as increasing the temperature. 
For example, if y is increased to such an extent 
that 5y/«8a becomes > 1, while y/xa remains < 1, 
the code number 1111 changes to 1121, J will be 
quenched, and the conductivity will be lowered at 
the same time. 

Transitions n oc U to m oc U* which are fre- 
quently observed, would happen at the transitions 
2211 — 2221, 2212 — 2222, or 1212 + 1222. In 
each case F takes over from J in being equal to U. 
At the lower intensities F would in all cases be 
proportional to U2. This would be in agreement 
with observations of BRosER and WarMINsky”®) 
on both photoconduction and luminescence of a 
CdS crystal if the emission they observed were 
indeed due to a band—band transition. This does 
not seem likely, however, since their crystal was 
activated with silver and the fluorescence intensity 
was found to increase with the silver content. ©?) 
Here the one-state model obviously fails. 

This model is also apparently too simple in 
many other respects. Although superlinearity is 
found (2111 and 2112), it is only for the minority 
charge carriers, contrary to the observation of, for 
example, BuBE on CdSe. 22) A superlinear increase 
of the luminescence via an activator level could 


never be accounted for with the one-state model. 
The only emission which could be superlinear is 
the band—band emission F. 

It is of interest in this connection to note that 
DIEMER et al.®3) found the “edge 
>in CdS in the region 5100-5500 A, first 
observed by Kr6cer™*) and attributed by him to a 
band-band transition, to be sublinear at high ex- 
citing intensities. In other words there must be 
another transition competing strongly with the 
edge emission at high excitation rates. If the edge 


so-called 
emission’ 


emission were a band-band or exciton transition, 
this other transition would be via an impurity 
level. Table 3 shows clearly that such a situation 
can never arise. This supports the criticism 5-56) 
that this emission cannot be a band-band transi- 
tion, but must be connected with a level in the for- 
bidden zone. 

Summarizing, we conclude that the one-state 
model discussed above is useful only if band- 
band transitions are actually involved, and secondly 
that the behaviour of common photoconductors, 
and in particular the superlinearity of photo- 
conduction and fluorescence, cannot be explained 
on the basis of the one-state model. We must there- 
fore turn to a more complicated model with two 
states in the forbidden zone. 


THE TWO-STATE MODEL 
When considering two types of levels in the for- 
bidden zone, each type with its own parameters, 
three models can be drawn up, depending on the 
position of the two levels with respect to the dark 
Fermi level. Both may be below or above the dark 
Fermi level or one may be above and the other 
below it. We have chosen the latter case, but the 
analysis could easily be extended to include also 
the other models. We have thus added to the one- 
state model of Fig. 2 levels H above the dark 
Fermi level and not occupied by electrons when 
the substance is not excited and in thermal equili- 
brium. This level is assumed to be in thermal 
equilibrium with the conduction band only. 
The stationary state is described by: 


a=a°+at 


(10) 


h = h®+h- (11) 
at+p=h-+n (12) 
U=I+R (13) 
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(14) 
(15) 


C=L-+] 
E B+R. 


8): 

total density of H levels 

density of empty H levels 

density of occupied H levels 

recombination rate via H per unit volume 
nph- 

rate of capture of electrons by empty H 
enh® 

thermal release of electrons from 


7 


occupied H levels Ch 


lev els 


rate ol 


Empty band 








Occupied band 


tic drawing indicating the transitions, 


ind symbols discussing the two- 


d in 


It has been assumed, in formulating the station- 


ary state by the above equations, that the wave- 


length of excitation is shorter than that correspond- 


ing to the band gap. In the examples analysed 
below, this is indeed the case. Very often, however, 
excitation takes place with wavelengths at the 
long-wave side of the absorption edge (for example 
ZnS phosphors excited with 3650 A). In that case 
the exciting radiation is absorbed by the impurity 
centre itself, resulting e.g. in a free electron and a 
trapped hole. It is also possible that even with 
shorter wavelengths a similar process occurs via 
an exciton, which dissociates at the centre into a 
free electron and a trapped hole. In that case a 
slightly different set of equations is to be used. This 
situation will be discussed in a forthcoming paper. 

The code system we shall use is based on the 
following set of simplified equations: 


(1) q® (2) 


(2) 
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All situations which can occur and which are 
possible combinations of six of the above equations 
one out of each row, are indicated by a code num- 
ber, this time consisting of six digits. Each digit 
corresponds to one row of the set of equations (16) 
and indicates which equation of the corresponding 
row is chosen. There are 128 different situations. It 
may be emphasized again that, in order to keep the 
calculation as simple as possible, it has been 
assumed that for 0, ag? = a, ho® = hand that 
nyo and po can be neglected. It has already been 
pointed out above that Dusoc’s analysis can be 
applied to a more general set of equations in which 
these assumptions are not made. Such cases will 
be discussed further below. 

The band-band recombination has also been 
left out in our simple two-level model. We have 
already seen that this transition does not play an 
important part under normal conditions, although 
it may very well exert its influence under abnormal 
conditions e.g. high exciting densities, extremely 
low values of a and h, etc. In each individual 
example the magnitude of the band-to-band re- 
combination may be estimated. VAN ROOSBROECK 
and SHOCKLEY”) have derived a formula for the 
capture cross-section of a free hole capturing a free 
electron. Using this formula, one can make an 
estimate of 6 in each particular case.* In our model 
the band-to-band transition is given by the product 
dnp. By comparing this with the magnitude of J 
and R as determined from the analysis of a partic- 
ular example, one can always check whether it is 
really permissible to neglect the band-to-band 
transition. 

The solutions for 32 of the more important 
situations are shown in Table 2. All situations with 
a a, p = h-, and p = n—conditions which are 
not often encountered in the usual sulphide-type 
photoconductors—have been left out of this table, 


* With a band gap of 3-7 eV—as in ZnS—6 would 


be of the order of 10~!* cm*sec™! at room temperature. 
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Table 2 


but the powers of n, p, J, and R as functions of U 
for all situations are given in Table 3. Also the 
solutions for C, L, B, and E are omitted in Table 
2, but they can be derived immediately from the 
values of a®, a*, h®, h-, n, and p. One sees immedi- 
ately from these tables under which conditions the 
following powers may be found: 
Ltd Sy hee 


x 


aes GO, BZ; 4, 3; Stay, ®. 


The 
not be explained satisfactorily with the one-state 
Tables 2 and 3 
show that a great number of situations have a linear 


transition m oc U->n o U? which could 


model will now be reconsidered 


relationship between nm and U. Restricting our- 


selves to Table 2, there are already 13 of these 
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continued 


I 


= Pnat 


indefinite indefinite 


indefinite indefinite 


aa ] aaU 
Bnh* ” } 
aal/ ] aaU 


inh? nh 


Ui yU : “ynhU? 


situations. An analysis of possible transitions as 
made above for the one-state model shows that 
there are two situations (111212 and 111222), 
which cannot, by raising U, pass directly into 
another situation of ‘Table 2 in which n 1s pro- 
portional to U!. The eleven remaining situations 
can all show such transitions. The thirteen possible 
transitions are shown in Fig. 9. 

It is sometimes assumed") that by measuring n 
at the transition point, information can be ob- 
tained concerning the number of deep traps. This 
is based on the following argument. If all deep 
traps are filled during excitation, charge neutrality 
h- = hat low or medium intensities 
- h (code 


requires a 
(code 121. ..). This changes to n = a 
122...) when m becomes of the same order of 


magnitude as h. Such transitions are indeed shown 
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in Fig. 9 (Nos. 4, 5, 7, 8, 10, and 12), but they are 
not the only ones possible, and if the other transi- 
tions are actually taking place the conclusion that 
n = hat the transition point is not valid. It is there- 
fore not surprising that BuBe™®) found a large dis- 
crepancy between the number of deep traps deter- 
mined in this way and the number determined 
from the glow curve. 


[112212] _  ——~4 
Rood i 


ee = > [112122 | 
[ 112222 . 
a | 


:  —— on 


t pore | 
7 22 


Cee 2 


pee 


| 121121 |—~ 
| ae 


are 
121122 | ee 
i, 
ratazt |, 


121222|~_ / 


rst “a 


12221 \— = 
122212 |< 


The arrows indicate all possible transitions 





U 


a 

Fic. 9. 
between the 
changes ton & [ 


which noc U 


of Table 4 in 


is increased 


situations 
jt when U 


In order to determine the actual nature of the 
transition, more properties must be measured on 
the same crystal such as, for example, the lumines- 
cence or the effect of temperature on the transition 
point or preferably both. BroseER and War- 
MINSKY,"9) who measured both the conductivity 
and the luminescence at the transition point, 
found the latter to change from J o U2 tol o U. 

In that case, assuming that the fluorescence they 
observed is process J of Fig. 8, only four transitions 
need to be considered: 


e*h? 

Q 

Wd 
y*n*h? 


a?Ba 


- 122112) 


187 


The difference between (1) and (3) on the one 
hand and (6) and (9) on the other is that in the first 
two cases the traps remain partly filled over the 
transition range, while in the latter two cases they 
are already completely filled. In all cases the re- 
combination changes in character at the transition 
point, e.g. from U = Rto U = J. By studying the 
effect of temperature, the nature of the transition 
might be indentified still further. If the transitions 
were found to move to higher values of U with in- 
creasing temperature, an estimate could be made of 
the distance E4 between the lower impurity level 


A and the occupied band. 


ACTIVATION 

We shall now demonstrate with the aid of a few 
examples the effect of incorporating impurities 
which give rise to levels A, assuming that there are 
already a certain number of H levels present in the 
material before activation. 

In order to see which of the 128 situations arise, 
once a certain combination of parameters has been 
chosen, we shall use the same graphical method as 
applied above to the one-state model. 

First one needs to know the initial conditions 
which possibly occur for U -> 0. At very low in- 
tensities obviously a9 = a and h® =h. Further- 
more at very low intensities we always have C = L 
and B = E. 


Thus at very low intensities 
apa. 


It depends on the value of 
larger or smaller than a+. Similarly the ratio ¢/eh 


ya" 


y/xa whether p is 


determines the ratio n/h-. 


Now 
I Bna xPpla 


R nph 


; (17) 

enyh 

I/R can be smaller or larger than unity, depend- 
ing on the parameters. There are thus 8 initial 
conditions possible, depending on the parameters 
as shown in Table 4. 
Now 

Np exp(—E4/RT) 
xa a 


and with N,, ~ 10!%and a usually <¢ 1016 (activator 
content 10-7), E4 must be smaller than 0-17 eV to 
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122271 


make y/aa 1 at room temperature. With more 
impurities added, the limit of E,4 will be even 


low er 


Table 


Code 


113111 
113112 
113121 
113122 
113211 
113212 
113221 
113222 
114111 
114112 
114121 
114122 
114211 
114212 
114221 
114222 
123111 


eee ee ee LAO cob 


2 QQ QO] @ we Bee lO BB eS eS ee 


ee ee ee oe 


1 
1 
1 
1 
2 
2 
l 
1 


124222 


We shall concern ourselves mainly with deeper 
levels which are of greater interest, and we shall 
limit ourselves to the initial conditions 111111 or 
111211. Let us that the ‘‘unactivated” 
material contains a relatively small 
(h 1016) of rather deep traps, 0-7 eV, below the 
conduction band, and further that these levels have 


assume 
number 


large capture cross-sections both for capturing 
electrons, when empty, and for capturing holes, 
when occupied, say 10-16 and 10-15, respectively. 

Now « = 10-9,* » = 10-8, and ¢ = 10-2 at 


room temperature. Such a material has a low 


* The coefficient € is the product of the capture 
H-centre for capturing an 
tree 


cross-section of an empty 


electron and the thermal velocity of electrons 


(~10%cm sec™!) 
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Code 
211111 
211112 
Pah A 
211122 
aitzin 
211212 
211221 
241222 
212111 
212112 
212121 


213222 
214111 
214112 
214121 
214122 
214211 
214212 
214221 


1 
1 
1 
1 
1 
1 
1 
4 
1 
1 
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photoconductivity with 7 = l 
1045 in U from U = 10!° to 1025. Rosg4? 
pointed out that in order to increase the photo- 
conduction of such a material, a recombination 


has 


centre must be added with a small capture cross- 
section for electrons. This will be our level A, and 
we have chosen the following parameters: 


B=10-2, «=10-8, and y=10°(E4 


With the aid of Tables 2 and 3, the behaviour of 
the activated material can easily be drawn on a 
1045, for example, the 


0:53 eV). 


log-log scale. With a 
initial condition is 111211, changing to 111212 at 
U = 109. The behaviour from U = 101° to 1025 
is shown in Fig. 10(a). At U = 10!” all A levels are 
empty (saturation) and there is a change to 211212 


'/eh over a range of 


214222. This 


Since in this 


followed by 211222 and finally by 
is the final situation with p = n. 
situation apa® = Bna*, a%/a B/a 
larly, because enh® = nph-, h°/h- 
and 7 > the levels A remain practically un- 
occupied at extremely high excitation densities, 
whereas only 10 per cent of the traps are filled with 
electrons independent of U. Only at very low 
values of U, where the situation is characterized by 
the code number 111211, is an increase of m due 
to A found, but at those low values of U, n < p. 
U/eh and consequ- 


and _ simi- 


1 e. As B ee 


At all other intensities, 2 
ently there is no increase of photoconductivity at 
at all due to the incorporation of A. 

The situation changes completely with a > h. 
This in Fig. 10(b), where the 


is illustrated 





as A 


190 


behaviour of a material is shown with the same 
parameters as for Fig. 10(a) but with a 101’. The 
photoconduction now increases suddenly at the 
moment when all H levels become occupied by 
electrons. The recombination via these levels be- 
blocl 1 takes an other course via A with 


1 and 
rise of n from U/ehto l 


of U = nyh?/xa (10!" in our 


3h, for the 


Behaviour diagram owing the 
on for electrons material 


per cm*; (d) 


states 


example). At the same time J increases super- 
linearly until J = U, and 121212 


changes to 121112. After a subsequent change to 
The situation 


121122 n finally catches up with a 


changes to 122122 and n now begins to rise more 
when all 


slowly and becomes independent of U 
A levels are emptied. At this point p begins to rise 


suddenly by a factor of 10. Simultaneously R in- 


creases with the same rate as p and takes over again 
from J. This discontinuity of p and R has the code 


as a result 


has become equal to U again. From here onwards 


KL 


effect of 
containing 
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m remains constant, while /® increases and be- 
comes of the same order of magnitude as hf at 
U = 1074. We are entering a third region of dis- 
continuities (212222), this time of p, h-, and B. 
This is at the same time the end of the range of 
effective activation of the photoconductivity and 
p jumps to n = U/eh (code number 214222), the 
same value as that before activation. It is of some 
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capture 


10° 4 


f adding A with a small 


10'° fast H 


10°’ A states per cm', 


states 


states per cm”: (a) 


interest to note that the levels H become filled only 
at medium intensities and lose their electrons at 
low and at high intensities. 

Although no further changes would occur in our 
two-state model, the band-band recombination 
F = dnp has now to be considered. At U = 10%, 
F would be 102? with 6 = 10-12 and still lower than 
R but, since it increases with U2, it will become the 
major recombination process for values of U > 
> 1026, 

In Fig. 11 the relation between free carrier con- 
centrations and density of excitation is drawn for 
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six different values of a. This figure illustrates 
clearly the activation of a photoconductor by the 
addition of recombination centres with low cross- 
sections for capturing electrons to a material which 


, log (n,p) Intensity where 
20 N=a ” 


. Intensity at 
which h=h 





0 
10 





Fic. 11. Relation between the concentrations of free 
carriers and the excitation density for 


B=10-!*; «=10°; y=10; 

1 =10-8; «=10-9; £= 10; 

h=10!6 and a=0(1), 1015(2), 1015-5(3), 
1016-5(4), 1017(5) and 1018(6) 


contains a certain number of centres with high 
cross-sections for capturing electrons and holes in 
the way as described by Rose. The activation takes 
place because electrons from A are transferred to 
H(at+ = h-). In order to prevent the “‘fast’’ states 
H from capturing electrons, there must be enough 
electrons available from A to fill these states com- 
pletely. 

This is not the only condition however. Another 
condition is that A must be far enough above the 
filled band to keep the holes trapped. More con- 
ditions to obtain superlinearity of J and n, and thus 
effective activation, are further discussed below. 

It is also clearly demonstrated that it is not 


necessary to distribute the A states, as ROSE 
assumed, over a range of energies in order to 


obtain superlinearity, 
Fig. 10(b) furthermore illustrates how the effi- 
ciency of a phosphor may pass through a maximum 
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a phenomenon observed by ANTONOV—-ROMAN- 
ovsky. 42) In Fig. 12 the fluorescence efficiency is 
shown of a phosphor with the parameters of No. 4 
of Fig. 11, e.g. with h = 1016 and a = 3 x 1016, 
This figure shows a great resemblance to Fig. 1 of 
ANTONOV—ROMANOVSKY’s paper. By changing the 
activator content and the temperature (y), one 
could check whether this explanation for a maxi- 
mum in the efficiency curve is correct. 


Quantum 
: efficiency 








J 
109 10?! 0? 
—a U 
Fic. 12. Quantum efficiency of a phosphor with the same 
b I I 
parameters as used for Fig. 11 with a 10/°5, This 
figure is to be compared with Fig. 1 of ANTONOV- 
ROMANOVSKY’s paper.(”) 


The transition from quenching (U = R) to 
fluorescence (U = J) need not necessarily take 
place via a superlinear range. This can occur, for 
example, by way of 112211 — 112212 — 112112. 
To obtain such a sequence, the H level must be so 
close to the empty band that even at very low in- 
tensities 2 > h-. This situation obtains, for ex- 
ample, with the following parameters: 


a 1016. x 10-12. y 103: B 10-14; 


h=101%4; e=1014; (=10; »=10°. 
If a were zero, n would be y?U}/n*eth? over the 
range U = 0—10!" (J = 0). 

After activation, fluorescence appears with a 
quantum efficiency near unity for U > 10%, as 
shown in Fig. 13. The dashed line gives the value 
of n and p before activation. One notices that the 
addition of A has increased the photoconductivity 
over the whole intensity range, despite the fact that 
the H levels, with their high cross-section for 
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capturing holes, are never being filled up. Activa- 
tion is possible here because the H levels have a 
small cross-section for capturing electrons, of the 
same order as that of the A levels (« 8). In the 
next section we shall discuss some conditions under 


which superlinearity will occur. 


the following 


AND / 


are 12 situations 


SUPERLINEARITY OF » 
We see from Table 3 that there 
showing superlinearity of m and J. Of these there 
(121211 121212) the 


In all other cases the 


are only two and where 


photoconduction is n-type 


hird digit of the code number is 3, indicating that 


n h-, p and p a*. Since this is a rare pheno- 
menon in sulphide-type photoconductors, we shall 
limit ourselves to the situations 121211 and 121212. 
Fig 
111211 by raising U. The other possible initial 
Table 4 do not lead to the desired 


14 shows how these situations can arise from 


situations of 
superlinear situations 
The conditions for obtaining superlinearity of 
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I and n in n-type photoconductors are therefore: 


xa; €<«eh and «Bla <enyh 


in accordance with Table 4 and furthermore, from 


Fig. 14: 


7° 


Fic. 14. Pedigree of code numbers indicating possible 
transitions which may arise when, starting from 111211, 
the excitation density is increased. The shaded numbers 


indicate situations with superlinearity of m and J. 


The values of U}, 
Table 2 


211211, this happens when a* becomes equal to a 


etc., are easily deduced from 


For example, if 111211 changes into 


or 


42a? Uy? 


In this way one finds: 


We shall consider two cases of 
linearity in more detail, namely the superlinear rise 
of fluorescence in (ZnCd)S-Ag, Ni studied by 
Natt et al.8”) and the superlinear photoconduction 
Buse®!-22) in CdSe. 


ments lend themselves very well as test cases for 


now super- 


found by These measure- 


our two-state model, because they were carried out 
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over a large range of intensities, while in both cases 
one extra factor was varied, the nickel content in 
the first case and the temperature in the last. 


Superlinearity of fluorescence in (ZnCd)S—Ag, Ni 

It is well known that nickel has a “‘poisoning”’ 
effect on the fluorescence of most ZnS-type 
phosphors. Nickel apparently causes a radiation- 
less transition which competes with the fluores- 
cence transition due, for example, to the presence of 
silver. It is further known that silver produces an 
occupied level near to the occupied band, whereas 
nickel gives rise to a rather deep trapping level.) 
The combination Ag+ N1 is therefore very suitable 
for checking the applicability of our model, 
especially since a(Ag) and h (Ni) can be varied in- 
dependently. 

NaIL et al.) have carried out very extensive 
measurements of the brightness of a (ZnCd)S—Ag 
phosphor containing various amounts of nickel. 
Their results are shown in Fig. 15(a). The effi- 
ciencies of the phosphor at very low intensities are 
a factor 10° lower than in the high-intensity range. 


log brightness 


7 




















arbytrary units 
4 5 6 4 
log exciting intensity 


Fic. 15. (a) Superlinear dependence of brightness upon 
excitation intensity at room temperature as observed by 
Nar, Ursacu and PearLMAN(”) for a phosphor with 
the composition ZnS 50, CdS 50 per cent by weight, 
Ag 400 ppm and Ni 0:3 ppm (curve B), 1 ppm (QC), 
3 ppm (D), and 5 ppm (E). (6) Theoretical curves 
calculated from the two-state model with: a 1°: 
10-14: « ea 10; 7 10-19: ¢ 10 

n landh * (3)"). 


, 


10'* (B’) 3-10'®(C’) and 10! 


The efficiency increases superlinearly in an inter- 


mediate range. 
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When analysing the superlinearity of this phos- 
phor, a choice has to be made between two possible 
code numbers: 121211 and 121212. This can be 
done by looking at the neighbouring ranges. In the 
pedigree of Fig. 14 we see that 111211 and 111212 
are the situations from which they arise. In Fig. 
15(a) the superlinear range is bordered at low and 
high intensities by ranges of linear relations be- 
tween J and U. Since J is proportional to U3/2 in 
111212, this cannot be the low-intensity situation, 
and the superlinear condition is thus characterized 
by the code number 121211. In 111211 the effi- 
ciency [/U = aBla/yenh. 

One clearly sees in Fig. 15(a) that the curves do 
not approach the same asymptote at low inten- 
sities for different nickel contents. The higher the 
nickel content, the lower the efficiency becomes at 
low intensities. The asymptotes are shifted vertic- 
ally by a factor which is approximately proportional 
to the nickel content in accordance with 111211. 

At higher intensities the situation may change to 
122211, 121111, or 121221; 122211 drops out, 
however, since it would give J oc U?. 

The fact that the curves all seem to have the 
same asymptote at high intensities, irrespective of 
the nickel content, points to 121111 rather than 
121221. 

Support for this model of superlinearity also 
comes from the horizontal displacement of the 
curves. It can easily be verified that the exciting 
intensities corresponding to the points of inflection 
for curves B to E (indicated by small circles in Fig. 
15(a)), are proportional to the square of the nickel 
content. According to the theory, the sharp rise of 
I occurs at Uz which is indeed proportional to h? 
(see equation 18). 

Summarizing, we may conclude that the be- 
haviour of this phosphor can be characterized by 
> 121211 — 121111. 


From Table 2 and Fig. 14, a number of relations 


the code numbers 111211 


between the parameters can be deduced, which 
have to be fulfilled in order to obtain this situation. 
From Table 4 one sees that the initial condition is 
HPi2H #, 
(19) 
From Fig. 14 we see that Uz: must be smaller 
than Uj, Us, and U4 in order to arrive at 121211, or 
with equation (18) 


y<aa, €<eh and «Bla <enyh. 


h<a, BC- ald. 20) 


ey, and nyh- 
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When these conditions are all fulfilled, the tran- 
111211 
situation there is in our first-order approximations 


sition - 121211 must take place. In this 
of Table 2 a discontinuity of J which jumps to a 

The magnitude of this jump depends 
In order to 


r 121221 is realized first. 


20), (21) not all 
and nh < aa the 
fulfilled. 


¢ must 


(19), and are 

enyvh 

y is automatically 

Similarly if 48a and «Bla < enyh: 
be smaller than eh. 

We are thus left with the following six con- 


ditions which must be fulfilled simultaneously: 


From the experimental conditions for curve D, 


we know a ~ 101%, h ~ 10!", and the jump 


urther known that the empty fluorescence 

a small cross-section of the order of 
2, corresponding to 10-14, After some 
following choice of parameters 


the conditions: 


the magnitudes of these parameters 
reasonable, they may still be out by a 
yf magnitude and serve only as an 
nple to illustrate this case of superlinearity. 

determine the parameters more accurately, 
further measurements would have to be carried 
out. The effect of temperature on the superlinear 
range would, for example, give information about 


E4 and determine the ratio y: «. 
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With our choice of parameters and with the aid 
of Table 2, Fig. 16 can easily be drawn to illustrate 


arth hln,p 
1I,R,C,L,B,E 





log U 


16. First approximation behaviour chart of a model 
10°”, 


FIG 
with the parameters of Fig. 15(b) and A 


the behaviour of this phosphor to a first approxi- 
mation over a wide range of intensities. From the 
figure one sees immediately that a a;n, pK 
a*, h-; R<L and I<E near the discontinuity 
and that J can be solved with sufficient accuracy 
from the equations 


E 


The result is shown in Fig. 15(b) for h = 1018, 
3 x 1016, and 101’, respectively. These theoretical 
curves are to be compared with the experimental 
curves B, C and D of Fig. 15(a). 

The practical differ 
mainly in this respect that the superlinear range 


and theoretical curves 
in the actual measurements is stretched out over 
a wider range of intensities. The main reasons for 
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this have been mentioned before: the spread of U 
inside the grains and possibly a small spread of 
Ey values. 


Superlinearity of the photoconductivity in CdSe 

single crystals 

The photoconductivity of CdSe single crystals 
has been measured extensively over a wide range 
of intensities and temperatures by BuBe®!,22), 
The intensity-dependence of the photoconduction, 
and thus of the concentration of free electrons n, 
showed a power of approximately one at low and 
high temperatures. Superlinearity was observed at 
intermediate temperatures for low excitation 
intensities and at high temperatures for high 
excitation intensities. Since the position of the 
electron Fermi level was given for one crystal (5A) 
at the kinks where a change of the slope took place, 
all the measurements for this crystal could be 
combined on one graph showing m as a function 
of the excitation intensity at various temperatures 


(Fig. 17). 


log n 
I 


14 








——+ log excitation intensity (foot candle) 
Fic. 17. Dependence of the free electron density upon 
excitation intensity for a ‘‘self-activated’’ CdSe single 
crystal at different temperatures as observed by BusE.‘*”) 


The first conclusion to be drawn from these 
results is that the low intensity range below the 
superlinear range cannot be characterized by the 
code number 111211, since in that case would 
be proportional to U?. With the slope near unity 
the correct code number must be 111212. 
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Secondly, the position of the A level can im- 
mediately be deduced from the horizontal dis- 
placements of the superlinear parts of the curves 
p XP E4/kT),a 
plot of log Uz: versus T-! should give a straight 
line with slope —E4/k. 

The superlinear range is spread out in these 
measurements even more than in the previous case 


Since Us - 


nyh?/aa and y/« = N. 


of superlinear luminescence. This “‘smoothing”’ of 
the curve is no doubt accentuated by the use of 
an incandescent lamp with its broad emission 
spectrum as a source of excitation. We have taken 
the intensity corresponding to the middle of the 
superlinear part of each curve. Plotting the 
logarithm of these intensities against 1/7’ indeed 
gives a straight line with a slope corresponding to 
E'4 = 0-55 eV (Fig. 18). 


log U; 


f | 














Fic. 18. Plot of log U, against 1/T’ where U, corres- 


ponds to the middle of the superlinear ranges of Fig. 16. 


From 121212 the situation may change into one 
of three possible situations each showing a linear 
E2412. 120222. or 


relation between n and U LIES 
122217. 
In 111212, n= U/eh 122212, a= 


aaU/ynh. The ratio between these two values, 


and in 


yeing aea/ny, would therefore be a function of 
being We ld theref I funct of 
temperature if the high intensity range were to be 
characterized by 122212. As this is not the case, 
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the high-intensity situation is either 121112 with 
a jump of m equal to «/8 or 121222 with a jump 
ZEA) P7 h. 

Not enough evidence is available to make a 
decision on this point. 
can be said: 


Concerning Ey the following 


Judging from the conductivity glow curves, also 
determined by Buse, the crystal contains traps 
with a depth of 0-43 eV and less. It is not likely, 
however, that these traps play an important part 
in the superlinearity of the photoconduction. At 


99 C, for example, the superlinear range starts at 


109 


Now th +nph enh? 


nN 


Ve exp(—Ey/k7 ) 


1019 and Ey = 0-43 eV, 


0 


h® would be 10-4 


We know, however, that superlinearity sets in 
as soon as the fast recombination centres H get 
filled up completely. In order to have fA~ ~ h® 

109 at 99 C, these states must be at least 

0-75 eV below the conduction band. 
When /-~ has become equal to h, which happens 
yyh?/za, n has just reached the value 
nyh/exa. From Fig. 17 one can read 


12 C the value of nz is approximately 


Knowing £4, the ratio y : « can be calculated 
and is found to be 108° at this temperature. From 
this and from the value of 7, we know that nh/ea 
must be of the order of 107! 

It is also possible from BusBe’s data to make a 
rough estimate of Us. One foot candle (10 lumens 
1018 light 


m?) corresponds to approximately 


quanta per sec per cm2. If 10 per cent is absorbed 
(the crystal has a sharp cut-off at 7000 A) and the 


absorption coefficient is of the order of 104, the 
excitation density corresponding to 1 foot candle 
is of the order of 1016, At —12°C the superlinear 

ge is obtained at approximately 0-1 footcandle 


Uof bag Oo 1015, 


nyh?/xa and since y/« 
108, 

Furthermore, to arrive at 121212 from 111211 
via 111212, the following conditions must be ful- 


filled, which are derived from Table 4 and from 


~ 109: nh?/a ~ 


the fact that U; must be smaller than Uj, U2, and 
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U3, while Us must be smaller than Uj, Us, Ug, 
and U,: 


h - ay yn < “Ea; Byh - aed, Y< 


apl2a <eny*h; ala < nyh. 


The vertical displacement of the two linear 
parts of the conductivity curves on the log /log U 
plot of Fig. 17 is approximately 2. Assuming that 
121112 is the next stage after 121212, this would 
mean that 191112/%111212 102 = e/B. 

After some trial and error, a set of parameters 
can be found which satisfies all the above con- 
ditions. 

Such a set is for example: 

10-8; B=10-12; a 


10 10. h 


1018; 
1017, 


E,=0-55 eV; «a 


Eq =0-75 eV; «=10-*; » 


Fig. 19 gives the first approximation of all 
factors involved in the kinetics as a function of U 
10-8 (32°C). 


for y 102 and €¢ 


121112 
‘a 121122 


Fic. 19. First approximation behaviour chart of a model 


with 


102, 
10-8. 


a=1018, » 


h=1017, «=10-1, 7° =10-19, ¢ 
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A more accurate calculation of ” is obtained by 
using a less drastic simplification of equations 
(10)-(15), in fact from the equations: 
a=a® 
h=h°+h 
goa 
[+R 
L 
E = R. 
One can easily verify from Fig. 19 that there would 
be little point in including the other neglected 
terms in the calculations. The results for m are 


shown for three different temperatures (y = 1, 102, 
and 104) in Fig. 20. The dotted lines indicate an 




















Theoretical dependence of m upon U for 
a=10'*, « 16-*. £ 10" fh 1077, « o>", 
eee 107%. Fa 0:55eV, En 0:75eV at three 
different temperatures. The dotted area is to be com- 
pared with the experimental area covered by BUBE 


(Fig. 17). 


Fic. 20. 


area which corresponds to the experimental area 
of BuBE’s measurements. These curves give a 
reasonable representation of the experimental data 
considering the fact that the superlinear part should 
be smoothed out over a larger range. Here also 
the two-state model seems to be adequate. 
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POSSIBLE EXTENSIONS OF THE ANALYTICAL 
METHOD 

In the two-state model discussed above it has 
been assumed that the Fermi level is so far below 
H and so far above A when the material is not 
excited and in equilibrium condition, that aot, 
ho-, mo, and po can be neglected. However, in 
particular cases these assumptions may not be 
valid, as for instance when studying the photo- 
conduction of a material with an appreciable dark 
conductivity. This would mean that H is already 
partly filled in the dark and that mp cannot be 
neglected. To analyse such a case one would have 
to add to the equations (10)—(15) 


h hgo- +Ah 
n =mo+An 


and using, instead of (12), the equation 


at+p —Ah-+An (12a) 
where A(n, h-) indicates the deviations from the 
equilibrium values in the dark. In certain cases the 
deviation may be negative. The inclusion of these 
extra equations would entail the adding of two 
more columns to equation (16) and the use of a 
code number with 8 digits. Instead of 128 one 
would then have 512 different situations. 

In the most common phosphors and _ photo- 
conductors with large band gaps the use of the 
more simple set of equations seems justified. 

A sulphide phosphor is usually made in such 
way that, together with an activator, a co-activator 
is incorporated in the lattice in approximately 
equal molar amounts. For example, a fluorescent 


zinc sulphide showing a single green emission band 
is obtained by incorporating equal molar amounts 
of copper and aluminium. The dark conductivity 


is low, the copper centre can be described as a 
Cu* ion on a Zn?* position, whereas all the 
aluminium is present as Al?*. 

It is known that Al?+ and other co-activators 
such as Cl-, Br-, Ga®*, etc., give rise to traps. 8) 
Often these traps are so shallow that they can only 
be filled at low temperatures and do not play an 
important part in the kinetics at room temperature. 
The H levels in our examples below are usually 
not connected with these co-activators, but with 
other impurities such as cobalt or nickel or with 
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lattice vacancies or dislocations which give rise to 
traps. ‘The co-activators merely serve to 
activators in the proper way, e.g. 

while other impurities or lattice 

ible for superlinear effects, 


esponslil 
I 


than co-activator is incor- 

| > 1 in our example), it is 
part of the copper 
ling to a solution of CuS in ZnS. 


— 


is present as 


re can be considered as an empty 


| ? 
that case ady* cannot be neglected, 


id the equations 


ag*+Aa (27) 


] 


i level were so low that p-conduc- 


1 | ] 7 
in the dark also 


(28) 


potAp 
he neutrality condition 


Aa +Ap h-+n. (12b) 


r, experience has shown that no p-con- 
und and that in fact new recombina- 
rise when an excess of activator is 

These centres are most likely charged anion 
vacancies compensating the effective charge of an 


ZnS has an effective negative 
tuation with two recombination centres 
rise to two different levels of the type A 

1 be analysed in a way similar to that used in the 


simple two-state model described above. ‘The 


mor 
a photoconductor with more than 


samc applic s to 


1 1 
one trap level 


DISCUSSION OF ROSE’S MODEL 
Rose assumed the presence of two classes of 
I and II), bot! 


to states distributed through the for- 


recombination centres (I classes 
gap. Class I centres are supposed to have 
cross-sections for electrons greater than 

that of class II centres and capture cross-sections 
for holes equal or less than that of class II centres. 
The occupation of the bound states is deter- 
mined by two steady-state Fermi levels, one for 


In the dark 


these levels are at the same position and coincide 


the electrons and one for the holes 
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with the normal Fermi level under thermal 
equilibrium. When the material is exposed to 
light, the two levels move apart. 

Rose furthermore assumed that levels lying 
between the two steady-state Fermi levels* and 
called ‘‘ground states” act as recombination levels, 
whereas those levels outside this region and called 
“shallow trapping states” are in thermal equilib- 
rium with the nearest allowed band and do not 
take an appreciable part in the recombination 
processes. 

Superlinearity in particular is explained by 
putting the majority of the class IT levels outside 
the two steady-state levels at low light intensities. 
As the light intensity is increased, the steady-state 
Fermi levels move apart and more of the class II 
states are turned into ground states. As the capture 
cross-sections of these ground states are smaller 
than those of the ground states belonging to class 
II, the class I states and the life of the free electrons 
will be increased continuously, thus giving rise to 
superlinearity. 

At least one serious objection, however, may be 
brought forward against this theory. Super- 
linearity has been observed of photoconductance 
and of luminescence with the same activators. If 
the activator levels were distributed over a con- 
siderable range, a change in the spectral distribu- 
tion would be expected on changing the intensity 
of the exciting light. 

Such a change is not found. Occasionally a 
change in emission colour is in fact observed, for 
example in ZnS—Cu, but this is due to the presence 
of two emission bands, each emission band corre- 
sponding to one discrete level. In ZnS phosphors 
with a single emission band and showing super- 
linearity, the spectral distribution does not change 
noticeably in the superlinear range. 

Levels near the conduction band, on the other 
hand, have shown a certain spread in depth. Such 
a spread was, for example, with the 
cobalt level in ZnS which is about 0:5 eV below 


observed 


actual dividing lines between the two 
not the steady-state Fermi levels 


* In fact the 
types of states are 


but so-called ‘‘demarcation lines’’, usually close to the 


Fermi levels. The demarcation line is so defined that a 
trapped electron at the demarcation line has an equal 
probability of being released thermally into the con- 
duction band or of being captured by a free hole in the 


filled band. 
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the conduction band. 9) Similar observations have 
been made with other trapping levels. Moreover, 
a theoretical decay curve is practically never found 
with the luminescence intensity J, proportional to 
t-* after sufficient long periods of decay; instead 
it is proportional to t-* with « < 2, a fact which 
points strongly to a spread in depths of trapping 
levels. 

Such spreads in depth will undoubtedly have 
an effect on the intensity-dependence of photo- 
conduction and fluorescence. The spread is usually 
not very large, judging from the glow curves of 
well-defined, carefully prepared phosphors. 

Whereas, however, ROosE 
extreme—a uniform distribution for two types of 


started from one 


states—we have chosen an approach from the 
opposite end, namely one definite energy for each 
of the two recombination centres. 

The truth lies probably somewhere between 
the two, with, for example, a narrow Gaussian 
distribution for one or both states. 


CONCLUSION 

The properties of photoconductors, and in 
particular the intensity-dependence of photo- 
conduction and luminescence, can be described 
by a two-state model without having to introduce, 
in the first instance, an energy distribution of 
these states. The advantage of such a model is 
that one can draw definite conclusions about the 
positions of the states in the forbidden zone and 
for free 


their cross-sections 


carriers. Despite the apparent simplicity of this 


about capturing 
model, it can account quantitatively for many 
complex problems, such as saturation and quench- 
ing of luminescence, superlinearity, etc. 

Owing to the versatility of the model, since many 


parameters can be varied independently, one has 


to be extremely cautious in drawing conclusions 
from a few experimental data. In general, it is 
necessary to measure many properties of the same 
material or to study the effect of small alterations 
in the chemical composition before the stationary 
state can be analysed and definite conclusions 
drawn regarding the parameters involved. 
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STRUCTURE OF THE METASTABLE STATE OF 


Mn 


AND Fe’ 
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(Received 3 Fune 1958) 


Abstract—A discussion is presented of the possibility of performing spin-resonance experiments on 
various metastable excited states of ions of the configuration (3d)". There appears to be no reason 
why such experiments should not be feasible. A special study is made of the ions Mn*t* and Fe 
with configuration 3d*°. Observations on the metastable levels of these ions would be particularly 
useful in understanding the splittings of the ground state °S. 


1. INTRODUCTION 
MEASUREMENTS of the lifetimes-%) of 
metastable levels of ions having the configuration 
(3d)" and (4f)” raise the possibility that sufficient 
populations might be established in these states to 


various 


make possible paramagnetic-resonance measure- 
ments of their structure. Experiments of this sort 
have been suggested and carried out by HERsH- 
BERGER™) and BLEANY and Low,) apparently 
without success. It would appear, however, from 
the considerations outlined below that there is no 
fundamental reason for this result. Sufficient 
interest attaches to the properties of the excited 
states of the 3d and 4f shell ions that the experi- 
ments should be repeated in various salts with im- 
proved experimental conditions. It is the primary 
purpose of this paper to study the metastable 
levels of the ions Mn** and Fe***, having the 
configuration (3d)°, and to show how spin- 
resonance measurements of the structure of these 
levels will help in understanding the magnetic 
behavior of the ions. 

The metastable states with which we are con- 
cerned here are derived from the ground states of 
the various ions by the reversal of a spin in the d 
or f shell, and lie generally in the optical region of 
the spectrum. Transitions to these states are for- 
bidden by parity and spin considerations and 
occur only because of mixing due to vibrations 
and spin-orbit coupling. The lifetimes of the state 
are about 10-2 sec and correspond therefore to 


0 


201 


about 108 cycles of microwave radiation. Lifetime 
broadening would therefore not be an important 
effect. The long lifetimes reported exist only in 
dilute crystals and are drastically shortened in 
concentrations greater than 0-1-1 per cent.) 

It appears to be feasible to absorb at least 
100 mW of optical power in a sample of con- 
venient experimental size if the material under 
consideration has sufficiently strong absorption 
bands at some energy higher than the metastable 


* 


level, but within the visible or near ultraviolet. 
This situation exists for Cr*+++, where the Stark 
splitting of the ground state establishes a set of 


spin-allowed, parity-forbidden quartet levels in 
the green region of the visible spectrum, with a set 
of doublet levels lying at lower energy in the red. 
For a ruby crystal composed of a few tenths per 
cent Cr ions in AloOs, illumination in the green 
produces a powerful fluorescence in the red. In 
the case of Mn**, the metastable level lies at ap- 
proximately 18,000 cm=! in most crystals,®) but 
there are no strong absorptions much lower than 
50,000 cm-!. If this should prove to be an ex- 
perimental obstacle, it may be possible to provide 
the necessary absorption levels by adding ions of 
lead, thallium, or cerium to the crystal, as is done 


with various manganese-activated phosphors. “0? 





* This is the experience of S. GESCHWIND, who is 
examining the feasibility of making experiments of the 


kind suggested in Cr***, 





as Ba 
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In the case of Fe the metastable level lies lower 
than for Mn**, appearing at about 12,000 cm-!.®) 
There appears also to be a strong absorption band 
in the vicinity of 20,000—25,000 cm=1. 8-11) Fe ++ 
may therefore be a convenient experimental 
material. It might be expected that suitable crystals 
containing Fe would fluoresce in the near 
infrared when illuminated in the violet or near 
ultraviolet, 2) but this effect does not seem to have 
bee n re porte d. 
Experimental investigations of manganese- 
activated phosphors suggest that optical energy 
absorbed in a crystal containing Mn*~ ions is trans- 
ferred with high efficiency to the metastable levels 
responsible for the fluorescence."%-14) If it is 
assumed that the transfer is only 10 per cent efh- 
cient due to loss of energy in various non-radiative 
processes, one should still be able to obtain 10 mW 
of power reradiated from the metastable levels. 
With a lifetime of 10-2 sec, this implies an excited 
population of about 1014 spins. If the resonance 
lines are not unduly broadened by processes that 
are not yet anticipated, this population is within 
the sensitiv ity range of a good microwave spectro- 
meter. “6 
Paramagnetic-resonance 
metastable levels of these ions will have a high 


measurements of the 


intrinsic interest. It can be expected, for instance, 
that information would be obtained of importance 
to the understanding of luminescent processes 
particularly in regard to the nature of concentra- 
tion quenching of fluorescence. There may also be 
revealed possibilities for the creation of maser 
amplifiers working at very short wavelengths and 
supplied with energy from the visible range of the 
spectrum 

We are particularly concerned in this paper with 
the greater understanding that could be obtained 
of the ground-state splittings of the important 
ions Mn** and Fe*~**. For these ions, the electron 
configuration is (3d)°. The ground state is &S and 
has a very small crystal field splitting of the ordei 
of 10-3 cm=!.96) A set of quartet levels lie in the 
visible or near-infrared portion of the spectrum. 
The metastable level has the symmetry 47} and is 
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derived from the free-ion term 4G. The shift of 
this level in a cubic crystalline field has been cal- 
culated by TANABE and SuGano,?) by Wat- 
ANABE,"8) and by OrceL."9) The level is three- 
fold orbitally degenerate and four-fold spin 
degenerate. We shall find that the twelve-fold 
degeneracy is split by spin-orbit coupling into a 
sextuplet, a quartet, and a doublet, with the sec- 
tuplet level lying lowest in octahedral symmetry. 
Interactions with higher energy states further split 
the sextuplet into a quartet and a doublet similar 
to the splitting of the ground-state sextuplet. We 
shall see that the ground-state splitting is closely 
related to the splitting of the excited sextuplet. 
Spin-resonance observations of the latter state can 
therefore be expected .o throw considerable light 
on the mechanisms responsible for the behavior of 
the ground-state. We may note here that the struc- 
ture of the excited sextuplet cannot be observed 
optically because of the broadening of the ab- 
sorption lines due to vibrations of the crystal 


lattice 


2. FORMALISM 

We have adopted the technique of second 
quantization in making the following calculation. 
We shall be concerned with states arising from the 
configuration (3d°). We take the five 3d orbitals as 
a basic representation, identifying the orbitals by 
their z-directed angular momentum. The orbitals 
are further identified by a + or — sign indicating 
spin direction. This array of one-electron states is 
arranged in the standard order 2*2-1*1-07*0- 
—1*—1-—2*—2-. We indicate a simple state by 
parentheses enclosing a set of occupied orbitals. 
For instance, the &S ground-state for z-component 
S, of total spin equal to 3 is (2*1*0*—1*—2?°). 

In this scheme, operators are represented by 
sums Over one-electron matrix components multi- 
plied by combinations of creation and destruction 
operators. A one-electron operator A, for instance, 
becomes X(a A|b)Aa* Ay, where A, is a destruction 
operator for orbital b and Ag* a creation operator 
for orbital a with the usual properties appropriate 
to Fermi—Dirac statistics. We shall use the follow- 
ing Operators: 


L.= > 11+ 1) —m(m—1)(Ain—1-Am-+Am—1 +Am+) (1) 


m 
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Co : ; 
K = — > {imi +Am+—Am-Am-) + 4 U(1+1)—m(m+ 1)Aine1 Amt++ 


- 


+4 I(1+-1)—m(m—1)An 1+Am-}. 


Here L_ is the operator lowering the orbital angular 
momentum by fi, S— the spin lowering operator, 
and K the spin-orbit interaction energy propor- 
tional to the parameter o. The orbits are indicated 
by m, which runs from 2 to —2, / is always equal 
to 2, and a is the spin-orbit coupling parameter. 


3. WAVE FUNCTIONS FOR THE FREE ION 

The configuration (3d) gives rise to an array of 
504 states comprised of various sextuplets, quartets 
and doublets. We limit our considerations to the 
sextuplets and quartets. It is very easy to establish 
Table 1. 


The wave functions corresponding to the terms 


Table 


140 _1+~2+) 

+2-1+0+ —1+*) 
GAR 1+0+—2+ 
‘G4AF4D {*+—147 


‘G*F*D'P 


—2*) 


0+ —1+ —2*), (2*1+1 


(3) 


of the free atom are found as follows: ®S(0, 3) and 
4G(4, 3) are found directly. The terms in paren- 
theses indicate L, and S, respectively. By operat- 
ing on 4G(4, 3) with L_, we generate 4G(3, 3). The 
orthogonal combination of simple wave functions 
gives 4F(3, 3). This procedure is continued to find 
the remaining terms. We then operate 
throughout with S_ to generate wave functions for 
other values of S,. The beginning wave functions 


may 


for each term are given in Table 2. 
4. WAVE FUNCTIONS IN CUBIC CRYSTAL FIELD 


The terms in Table 2 split, in a cubic-crystal 
field, into various representations of the octahedral 


1. 


Derived from 


), (2+1+1-0+ —1*) 


(2+1+1-0+ —2+), (2+1*0*0- —1+) 


—1+—2+), (2+1+0+0- —2+), (2+1*0*—1*—1-) 


Table 2. 


, 3) = (2+1*+0+ —1+ —2+) 
(2+2-1+0+ —1+) 


Vv 4(24141-0+ — 1+) + 4/9(2*2-140* —2*) 


\/ 3(2*1+0+0- —1+) + 4/#(2+141-0+ —2+) + ¥/ 3(2+2-141- —2+) 


§P(1, 3) = V2(2t1t0+ —1+ —1-) + Vv (2*1*0+0- —2*) + V (2t141- — 1+ — 2+) + VV 9%(242- 
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group. There are no diagonal elements of the cry- 
stal field, 
elements between components of the same sym- 


the splitting arising from off-diagonal 


metry arising from different terms. ‘The metastable 
level is a term of symmetry 47}. The terms of this 
symmetry arising from each angular momentum 
state are as given in Table 3. 


Table 3. 


three quantum numbers labeling +7} re- 


respectively. 


The octahedral crystal field is represented by: 


coefficient of the octahedral poten- 
. This 


mn mixes the corresponding members of 


where D is the 
tial (xt+y?+2!—r*4) and g= | ) <r4 


perturbati: 
the three triplets. The matrix components are: 
17;(4, 1, 3)] 4/5 Dq 


"|473(4, 1, 3)] = —2/5 Da 


|471(4, 0, 3)] —44/5 Dg 


3) V |473(4, 0, 3)] = —2/5 Dq 
5 Dg 


5 Dq. 
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These are identical to the matrix elements given by 
OrGEL,"9) except for certain phase factors which 
are important in expressing the wave functions. 
The wave functions are: 


44/5 Dq 


T\(1, ‘, 3)+ 


Here, E is the lowest root of the secular equation. 
Since we will be concerned only with this state, 


we have suppressed a quantum number in the 
above wave functions. Let us define 


44 5 Dg 
E(@P)—E 


24, 5 Dgq 
E(4F)—E 
Then 

V*(1+%p?+%P*) 


5. SPIN-ORBIT 


We may now use the wave functions (5), (6) and 


INTERACTION 


(7) to compute the matrix elements of spin-orbit 
interaction within the lowest triplet. The state is 
three-fold orbitally degenerate and four-fold spin 
degenerate. The secular determinant is therefore 
12x12. The determinant factors, however, and 
allows an exact diagonalization of the problem, 
yielding the energies and wave functions given in 
Table 4. 

The twelve-fold degeneracy is thus resolved by 
spin-orbit coupling into a sextuplet, a quartet, and 
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Table 4. 


4‘T,(—1, —3) 


— V#‘T,(00, 3)+V#‘T.(1, 4) VE Py 5) VS a, 
» *T3(—1, 4) 


V ty *T1(—1, 3) +15 4710, D—-V HAT, —3)——_ —V & ATL, —))4+-V 15 4T100, —)) 4+ 


7 = —(2a/3) V 24T,(0, 3) + 247.0, 4) —4/$*T0, —§)++/3°T(—1, —4) 


3 “71, —V 5 *Ti(1, —3) + V 2's “7100, is “I,(—1, 4) 


1 
—}) 


Dtvi's*T 0, +4 


, )+V247,0, P4+V4'7,0, —}¥) 


a doublet. The quantity a is given by: 
5 


N2a po. 


(9) 


The spin-orbit splitting is proportional to o and to 
2/5 Dq 
E(GAF)—E 


Since o is positive, a will be negative on a octa- 
hedral site with Dg positive. The six-fold level 
will therefore lie lowest. On a tetrahedral site with 
Dgq negative, the doublet will lie lowest. Choosing 
a value of Dg appropriate to octahedrally co- 
ordinated manganese, we find a approximately 
equal to —20 cm7!. 
6. MAGNETIC FIELD SPLITTING 

The wave functions given in Table 4 allow the 
weak field splitting factors to be easily determined 
for the sextuplet, quartet, and doublet. A mag- 
netic field H is imposed along the z-axis, introduc- 
ing the Zeeman energy 


BH > [m(Xin bet Ne—N-)+ 


re) a a 


where f is the Bohr magnetron. We calculate the 
diagonal value of this perturbation and obtain the 
following g-values 

1-4 


Sextuplet: g = 8(1—p) 


(1 3 —dp) 


g=3(1+) 


Quartet: 1°6 


= 
5 


Doublet: 2-9 


V#*T,0, —D+V28°T10, —)—vV4 ‘TX —1, 


where p = N?(4+8a,2). An approximate value of 
141s 0-1, which corresponds to the numerical values 


of g given above. 


7. ZERO-FIELD SPLITTING OF THE SEXTUPLET 

We wish finally to discuss the zero-field splitting 
of the sextuplet component of the metastable level 
and to show how it is related to the ground-state 
splitting. Let us consider a particular member m 
of the excited sextuplet. This level will be shifted 
in energy by second-order spin-orbit interaction 
with higher levels by an amount 


x |(m| K|n)|? 


Ly En—En 
n 


Am (9) 


An investigation of the energy-level diagrams given 
by OrceL"9) and TaNaBE and SucaNno“!”) and 
optical absorption measurements by JORGENSEN? 
indicates that the levels next higher than 47} are 
distant by about 5000 cm-!. We may therefore 
estimate A,, to be between 1 and 10 cm7!, and 
expect that this will be the order of the multiplet 
splittings. It is possible that a doublet level may 
lie close to 47,7) and it could make an important 
contribution to the shift of the levels.* 

We turn now to the behavior of the ground-state. 
It may easily be shown that the level ®S can 
couple by spin-orbit interaction only with 4P, and 
will have therefore spin-orbit matrix elements only 
with states of symmetry 47;."9) The dominant 
interaction will be with the metastable level, since 


* This process is mentioned in Ref. 14 (p. 413) and 
has also been suggested privately by A. D. LIEHR and 


C. J. BALLHAUSEN. 


1 
2 
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it lies closest to the ground state by at least a factor 
of two in energy. We have calculated the matrix 
elements of K between the ground-state and meta- 
stable level and find that each member of the 
ground sextuplet couples only to a particular 
member of the excited sextuplet, and that the 
matrix elements are all identical with the value 
b= 4/5cNup. It 
nultiplet and m is the corresponding member of 


g is a member of the ground 


ultiplet, we find that g shifts in energy 
ler perturbation @®.21.18) by an amount 


in fourth-or 


(gi\Kin ‘4 (m|K|n)|2 
Ej —E, 


(2|K\|m)|4 
(Eg—Em)? 


. (10) 


(E,—Em)? Zag 


We may 
Same Io! 


D E —! 


ignore the final term, which will be the 
ll members of the multiplet. If we set 
we then obtain 


(m\K\n)\* 
Ey—En 


(11) 


n 


equation (11) with equation (9), the 


Com n¢g 

close relation of the ground-state splitting to that 
of the excited multiplet becomes apparent. Since 
D enters to 
Ty \e 
rect on this relation 


16 


the second power, the connection of 6S 
vels will have no more than a 20 
The very small 
compared to the estim- 
the excited state, is consistent with 

It is clear that the ground-state and 
cited sextuplets will be almost certain to have the 


the splitting parameter 
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(Received 1 May 1958; in revised form 16 May 1958) 


Abstract—The absorption edge of AgCl, AgBr and AgI has been measured to over 200,000 atmo- 
spheres. The behavior of AgCl and AgBr is quite similar with pressure. There is a small red shift in 
the low pressure (f.c.c.) phase, a transition at 87,000 (83,000) atmospheres, probably to the simple 
cubic phase, accompanied by a large red shift, and a further small red shift, at higher pressures. The 
behavior of AgI is quite different. The atmospheric (wurtzite) phase transforms to the f.c.c. at 2900 
atmospheres with a large red shift. The f.c.c. shifts red very strongly with pressure to 112,000 
atmospheres, where there is a second phase change accompanied by a large blue shift. There is a 
further small red shift at high pressures. 

A peak which appears at 423 mu (428 mz) in AgI at atmospheric pressure has been attributed by 
SEITz to a forbidden internal transition in the Ag* ion, which is permitted by the symmetry of the 
wurtzite lattice. The peak disappears in the high pressure phase, which is consistent with SEITZ’ 
theory. 


THE effect of pressure on the absorption edge of | where 
silver halides has been measured to well over P, = pressure in center pellet in thousands of 
200,000 atmospheres at 25-+-13°C. atm. 

The AgCl used was Harshaw single crystal P, = applied pressure in thousands of atm. 

material. The Ag Br was obtained from A. te = thickness of the center pellet in thou- 
Miller, Department of Physics, University of cnniiiin of on inch. 
Illinois. The AgI was from several batches made in 
this laboratory by J. C. ZAHNER. The equipment 
and procedure used was that previously des- 
cribed:2) with two minor modifications: 


This calibration applies for values of tf, from 10 


Og. 





tT T 


: SLOPE=-8x 1077 ev 
(1) In order better to control extrusion, both on Jat. 


the 50,000 atmosphere and 250,000 atmosphere 
bombs, one piston was given a 30° bevel 0-035 in. le 

wide and a support ring of Solar steel hardened to ; 2 
58-60 Rockwell C was placed on the bevel. ” 


| 
: : TRANSITION 
(2) The higher pressure apparatus was recali- - AV,=870 


brated and the calibration extended to lower 
thicknesses of center pellet using the date of refer- 
ence (1) plus other shifts including AgCl. 


The present best calibration is 


10-8 1 
— exp(—0-174t, | 
a XP 174t,) sie 

PRESSURE, ATM. xX lO" 











* This work was supported in part by AEC Contract Fic. 1. Shift of silver chloride absorption edge with 
AT(11-1)-67 Project 5. pressure (Aj measured from 25,200 cm~). 
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to 3 (-010 in—0-003 in). The results for AgCl and 
AgBr 


atmospheric pressure structure is face centered 


(Figs. 1 and 2) are quite similar. The 


cubic. The shift of the edge with pressure in this 
phase is quite small. At 87,000 atm for AgCl and 
83,000 atm for AgBr there is a phase transition 
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TRANSITION 
AV, =1000 CM~ 








measured It 


y to the simple cubic CsCl structure) ac- 


d by a large red shift of the order of 


(Vo AVERAGE =22, 


, = “7-3 x10" eV/aty 
%* 89 
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silver iodide absorption edge with 


(A~ measured from 22,100 cm~). 

1000 cm-!. Above the transition there is a con- 
tinuing small red shift. 

The behavior of AgI (Fig. 3) is quite different. 

At room temperature and atmospheric pressure 


and H. G. 


DRICKAMER 


AglI has the wurtzite structure. At 2900 atm it 
undergoes a transformation to the face centered 
cubic lattice accompanied by a very large (2760 
cm!) red shift in the edge. In the next 100,000 
atmosphere the edge shifts to the red 4500 cm=!. 
This is some 10-20 times the shift found for the 
AgCl and AgBr f.c.c. phases in a similar pressure 
range. At 112,000 atmospheres there is a second 
phase transition accompanied by a blue shift of 
1160 cm~!. At higher pressures there is a small red 
shift with increasing pressure. One would think 


that the 112,000 atm transition is the f.c.c. — s.c. 


AgBr and AgCl discussed above, although the edge 
shifts blue instead of red. The anomalies in Agl 


transition corresponding to similar transitions in 


(large red shift for the f.c.c. phase and blue shift at 
the high 
associated with the large size and high polarizabil- 
ity of the iodide ion. At present no completely 
satisfactory explanation is available. In a previous 
paper (3) on the spectrum of TI* in potassium 
halides, it was shown that KI gave quite a different 
-s.c. phase transition than did 


pressure transition) are doubtlessly 


effect at the f.c.c. 
KCl or KBr. It would be desirable to study a wide 
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Fic. 4+. Effect of pressure on absorption peak of silver 


iodide. 


variety of halides to see how general this difference 
is. 

In the AgI spectrum at one atmosphere there is 
a peak at 423 mp (428 mp) in our apparatus 





EFFECT OF PRESSURE 


which Seitz") attributes to an internal transition 
in silver which is forbidden in the free atom but 
allowed by lattice symmetry in the wurtzite lattice. 
By dilution of a sample with NaCl it was possible to 
study this peak as a function of pressure (Fig. 4). 
The peak did not shift significantly below the 
2900 atm phase transition. Above the transition it 
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Fic. 5. Shift of absorption peak in cuprous chloride with 
pressure. 


substantially disappeared. These results are entirely 


consistent with Seitz’ hypothesis. The peak did 
not reappear above the 110,000 atm phase transition 
indicating that the high pressure phase is definitely 
not wurtzite. A similar peak occurs in CuCl and 
was studied to 50,000 atm (Fig. 5). The shift with 
pressure was quite small. This is again consistent 
with Seitz’ theory. 

BRIDGMAN) has density data for the silver 
halides to 100,000 atm. When the shifts for AgCl 
and AgBr were plotted against density the result- 
ing curves showed nothing significant. In Fig. 6 
the shift of the edge is plotted vs. density for Agl. 
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At the wurtzite-f.c.c. transition BRIDGMAN finds a 
discontinuous density increase and our data in- 
dicate a discontinuous shift of the edge. When the 
density is plotted against the shift of the edge, a 





2900 ATM. , 
TRANSITION 


98 700 ben 
ATMOSPHERES 
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Fic. 6. Shift of silver iodide absorption edge with den- 
sity to 100,000 atm. (Ap measured from 22,100 cm~*) 


continuous curve results. This may be a coin- 
cidence, but it may be physically significant. 
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Abstract 
il silicon 
(35,000 atm at « 


50,000 atm at « 20 cm 


The shift of the optical absorption edge with pressure has been measured in germanium 
l to over 100,000 atmospheres. In germanium there is an initial blue shift which reverses at 
0). Silicon exhibits a continuous red shift. The data 


the low pressure region are consistent with those of other investigators. Evidently the minimum 


onduction band in the <111 
he minimum 1 
the minimum in (111 


direction shifts to higher energy with increasing pressure, 
n the «100» direction shifts to lower energies (relative to the valence band). At 
direction in germanium lies about 0:2 eV above the mini- 


100 > direction which is consistent with previous estimates. 


measurements have been made 


100,000 atm. 


ABSORPTION edge 
on silicon and germanium to ove! 
pressure. The materials studied were single crystals 
obtained from Dr. F. Trumbore of Bell Telephone 
Laboratories. The n-type with 
resistivity greater than 40 ohm cm. The silicon was 


The ap- 


was 


germanium 


p-type with a resistivity of 0-08 ohm cm 
paratus and techniques used have been pre- 
Perkin Elmer mono- 


with tungsten lamp, LiF 


viously described.“-2) A 


chromator quartz or 


prism, and PbS detector was used. The samples 


were carefully polished and the reflection correc- 
tion approached the theoretical as nearly as it 
could be estimated. The materials are brittle and 
not particularly strong so that the handling and 
masking of the very small samples (about 0-005 
in. x 0-005 in. «0-050 in. long) was very difficult. 
There was therefore more scatter in the results 
than for other more ductile or stronger materials. 

The shift with pressure for germanium is shown 
in Fig. 1 (points and solid curve for « ~ 20 cm7!). 
There is an initial blue shift (8-0 x 10-6 eV/atm) 
which compares closely with the results of PAUL 
Brooks) (8-9 10-6 eV/atm). Somewhere 
near 50,000 atm (at « = 20 cm!) the direction of 
shift reverses and there is a monotonic red shift to 


and 


* This work was supported in part by AEC Contract 
AT(11-1)-67 Project 5. 


the highest pressures studied. The shape of the 
edge changes somewhat with pressure as can be 
seen from Fig. 2 where the data are extrapolated 
0 for one run. The change in slope of the 
direct 


to ~ 
curves beginning of the 


transition. Since this shifts to higher «’s with in- 


represents the 


creasing pressure, evidently the gap widens with 
pressure at k = (0. The dotted curve in Fig. 1 
represents the shift with pressure extrapolated to 
x, = () for a number of runs. The initial slope is 
5-5 10-%eV/atm. The reversal takes place at 
about 35,000 atm which is consistent with the 
estimates of PAUL and Brooks.) 

The results for silicon are shown in Fig. 3 for 
2 ~ 25cm7!. There is a monotonic red shift of 
the edge at all pressures, the slope being about 
—2-0 x 10-6 eV/atm which is again consistent with 
the work at Harvard.) The edge in germanium is 
generally attributed to an indirect transition to a 
minimum of the conduction band in the <111) 
direction with symmetry Aj. In silicon the edge 
probably represents an indirect transition to a 
minimum in the <100> direction with symmetry 
A. The direct transition at k = 0 is to an excited 
state having the symmetry I’9’. Evidently bands 
with symmetry states A; and I’;’ shift to higher 
energies with increasing pressure, while the band 
with symmetry A, shifts to lower energies. The 
change in direction of the pressure shift in 
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Fic. 1. Shift of germanium absorptions edge with pressure. 


germanium at 35,000 atm indicates the point at 
which the indirect transition in the <100 > direction 
becomes of lower energy than the one in the ¢111 

direction. Fig. 4 is a plot of E vs. k as developed by 


HERMAN®) and indicates the shifts of various 


5 


bands with pressure. If the red shift at high 
pressures in germanium is extrapolated to atmo- 
spheric pressure (Fig. 1) it is seen that at one atmo- 
sphere the minimum in the <100> direction is 
about 1600 cm! (0-2 eV) above the minimum in 
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silicon absorption edge with pressure (« 25 cm™, A> measured 


from 10,000 cm~'). 


the 11 > direction. This is consistent with the trated on a plot if £ vs. d (interatomic distance). 
-stimate of HERMAN”) and of BARDEEN, BLATT and__ Fig. 5 represents such a plot as calculated for dia- 
mond by KimsBaL_™? who calculated levels arising 


J 


pressure and the difference be- from the s and p bands of the atoms. If one con- 


germanium can also be illus- _ siders also the effect of d levels, another band will 
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+ Kk 








Fic. 4. E(k) vs. k diagram for germanium (after Herman). 
Arrows indicate probable direction of shift with increasing 
pressure. 
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General E(K) vs. d diagram for the diamond 
lattice. 


Fic. 5. 


come in approximately as shown. Whether a red or 


a blue shift will be obtained with compression 


OF GERMANIUM AND SILICON 213 
will depend on whether the equilibrium inter- 
atomic distance (d) is greater than or less than d*. 
Evidently d is just greater than d* for germanium 
at one atmosphere and less than d* for silicon. One 
would anticipate a red shift with increasing pres- 
sure for diamond. 
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Abstract—The i 


on potentials 


nstability of crystalline dihalides Cul,, AgCl,, AgBrs, and AgI, 


is considered in the 
+ 


and polarizabilities. The standard free energies of formation of the 


ive been estimated, and it is shown that the non-existence of the solid compounds at 


] 


with thermodynamic data 


INTRODUCTION 
EWHERE,!:2) the differences in the bond char- 
acter and structure of simple inorganic crystalline 


relation to 
has 


discussed in 
The 


hypothetical stage occurs in the 


h ive be en 


compounds 


I 
ionization potentials treatment used 
assumed that 
formation of crystals of inorganic compounds, 
which involves interaction of the constituents as 
ions, whatever the nature of the chemical bonding 
in the resulting compound 

When ions are brought closely together to form 
a crystal, the attraction of the cations for the elec- 
tron clouds of the anions and the simultaneous 
repulsion of the nuclei of the anions tend to lead to 
deformation or polarization of the anions. The 
cations may be similarly polarized, but usually to a 
much lesser extent 

The result of slight ion polarization is a de- 
crease of polar character, although the ions may 
maintain their original quantum configurations 
(e.g. see RiTTNeR®)). If the polarization is more 


extensive, electron sharing occurs, the bonding in 


the crystal assumes a covalent character, and the 


constituents no longer their original 
quantum configurations. In extreme cases, polari- 


zation of the anions may be so great that complete 


p¢ SSESS 


transfer of an electron from anion to cation may be 
expected, with the result that the crystal is un- 


stable. 


Ion polarization is favoured by a number of 


factors. In the case of crystals regarded as formed 
through the interaction of cations of the same 


formal charge and similar (crystal) radius with a 
common anion, the ionization potentials J (first 
ionization potential for univalent cations, second 
for divalent cations, &c.) may be employed as a 
relative measure of the polarizing power of cations 
for anions.‘4:5) According to the ionic-interaction 
approach to crystal formation therefore, instability 
due to electron transfer from the electronegative to 
the electropositive constituent is most likely to 
occur in cases where J is very high and the polari- 
zability of the anion is considerable. This may be 
illustrated by considering the instability of halides 
of elements which form medium-sized divalent 
cations (radii r = 0-64-0-90 A). 


INSTABILITY OF SOME COPPER (II) AND SILVER 
(II) HALIDES 


Table 1 shows medium-sized divalent cations 
arranged in order of increasing second ionization 
potential of the corresponding atoms, together 
with their crystal radii. The polarizabilities of 
halide ions are listed in Table 2. 

The divalent cations where J is extreme are 
Cu*+ and Ag?*; instability due to electron transfer 
from anion to cation is most to be expected, there- 
fore, in the case of halides of copper (II) and silver 
(II), especially when the electronegative con- 
stituent as an anion is very polarizable. It is well 
known that cupric iodide is unstable, and attempts 
to prepare this compound yield cuprous iodide and 
iodine. This case of instability has been discussed 
by Fayans.“2) According to the ionic-interaction 
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Table 1. Medium-sized divalent cations (r 


0-6-0-9 A): 


ionization potentials and crystal 


radi 





17-05 
0-72 


| 15-64 
0-80 


15-03 
0-64 


I*(eV) 
rt(A) 


16:18 
| 0:74 


17:96 


Pt+ | Pd | Cut 


20:29 
0-70 





| 19-42 
0-80 


| 18-15 
0-69 


18-54 


0:69 0-80 


I increases ——— > 


* Ionization potentials are from FINKELNBURG and HuMBACH.'®) 
t+ Ionic radii are from AHRENS‘”) as modified, with additions, after PAULING'®) and AHRENS.!®) 


Table 2. Electronic polarizabilities (x) of halide ions 
(values in A®) 


F 
0-98 
1-04 


FaJANns and Joos''®) 
PauLiInG"?) 


3:66 | 4°77 


approach to compound formation, since Cu?" 

a very high J value and I- has a large polarizability, 
the instability may be represented in terms of an 
electron-transfer change: 


Cu2+ + 2I- = Cut + I- + I. 


Moreover, since J corresponding to Cu* is con- 

siderable for a univalent cation, the resulting 

cuprous iodide is essentially covalent in character. 
The fact that compounds such as 


[Cu eng] Ig. 1 or 2H2O* 


are stable“) may be correlated with the screening 
of the electrostatic field of Cu?+ by co-ordinating 
groups. 

In the case of silver (II) halides, since the ioniza- 
tion potential corresponding to Ag?* is even 
greater than for Cu*+, from the ionic-interaction 
standpoint instability may be expected for com- 
pounds where the anionic constituent is less 
polarizable than iodide. This is in agreement with 
the non-existence of argentic chloride, bromide, 
and iodide. The fluoride AgFe is the only stable 
simple argentic halide, and complete electron 
transfer does not occur in this case, owing to the 


* en is used to represent an ethylene diamine bidentate 
co-ordinating group. 


small polarizability of the fluoride ion. Fluoride 
ions, however, are likely to be considerably 
polarized by argentic ions in crystal formation, and 
argentic fluoride does not possess the properties of 
an essentially ionic compound. + 


Thermodynamic considerations 

The criterion of stability of dihalides MXg in 
relation to decomposition to monohalides MX is 
that the free energy of formation of MXz does not 
exceed that of MX. 

The standard molar free energies of formation of 
hypothetical solid compounds such as Cul, 
AgCle, AgBro, and AglI» at 25°C can be estimated. 
The standard free energy of formation of a com- 
pound MX, at 25°C is related to the standard 
enthalpy of formation AH® and the standard en- 
tropies S°, by the expression 


AF°(MX2) = AH®(MXg2) — 298-16 


[S°(MX2) — SM) — S%Xe)]; (1) 


all the quantities refer to substances in their 
standard states. A knowledge of the requisite heat 
content and entropy data will therefore permit the 
evaluation of the standard free energy of formation 
of the compound. 

The standard enthalpy of formation AH°(MX¢) 
may be derived by making use of the expression 


AH(MXg, c) = AH9(M?+, g) + 2AH°(X~, 2) — U, 
(2) 
where U is the lattice energy (enthalpy) of MXg. 


+ It may be noted from the considerations of this 
section that the diastatides of copper and silver may be 
expected to be chemically unstable. 
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For solid compounds Culs, AgCle, AgBre, and 
Aglo, all the data necessary for the calculation of 
AH®(MXo,c) from equation (2) are available, (4-15) 
except for values of lattice energy KAPUSTINSK11(18) 


), kcal mole 


U(MX 


lihalides plotted 


“ep 
dihalides. 


has derived various expressions for the calculation 
of the lattice energies of ionic compounds of which 
are unknown; but, as the ex- 


of transition-metal 


the lattice constants 
lattice 
dihalides often differ considerably from theoretical 


perimental energies 


values calculated assuming ionic character,“” the 


Table 3 


MORRIS 


use of such expressions does not appear to be suit- 
able in the present case. A satisfactory estimate of 
the lattice energies of hypothetical copper and 
silver dihalides may be made, however, by use of a 
procedure due to Karapet’yants.(8) This worker 
has shown that various linear relationships exist 
between the experimental lattice energies of 
dihalides. Thus from graphs of the types shown in 


730; 


mole 
=~ 
oO 


kca 


kcal mole 


2. Lattice energies of difluorides plotted against 


energies of corresponding dichlorides, 


lattice 


Figs. 1 and 2, unknown lattice energies may be 
determined by interpolation. 

Values of estimated lattice energies and heats of 
formation AH°(MXo, c), together with other relev- 
ant data, are quoted in Table 3. The value for the 
heat of formation of cupric iodide differs only 
slightly from the value (—1-7 kcal/mole) calculated 
by Rossini et al.(4) 

In order to derive the standard free energies 
from equation (1), it remains necessary to know the 
requisite standard entropies. Where experimental 


Estimated standard heats of formation of solid dihalides 


Data are enthalpies in kcal mole (298°K) 


AH™(M 


Compound 


Cul, 730: 
AgCl, 
AgBr, 


740 
740 
740 


AH"X-, g) 
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standard entropies are not available in the litera- 
ture, 4) values have been estimated by the method 
of Latimer.“9) The estimated standard entropies 


Table 4. Estimated standard molar entropies and 
standard free energies of formation 
Data refer to 298°K 


S°MX,, c) AF(MX,, c) 


(kcal/mole) 


Compound 


1 
-3 


Table 5. Standard free-energy changes for the 
decomposition of dihalides of copper and silver to 
monohalide and halogen* 


Data refer to 298°K 


AF°(kcal) 
CuF(c) +4F,(g) 60 
CuCl(c) +4Cl,(g) 11 
CuBr(c) +4Br,(/) 6 
Cul(c) +41,(c) 18 


CuF,(c) 
CuCl,(c) 
CuBr,(c) 
Cul,(c) 


AgF,(c) 
AgCl,(c) 
AgBr.(c) 
Agl,(c) 


AgF(c) +4F,(g) 
AgCl(c) +4Cl,(g) 
AgBr(c) +4Br,(/) 
Agl(c) +41,(c) 


* Free energies of formation from Rossini et al.('4) 
have been used in computing the AF® magnitudes. 
Where only the heat of formation of a compound is 
quoted in that compilation, the free energy of formation 
has been derived by using entropy values estimated by 
the method of Latimer.(!*) The value used for AF° CuF, 
(c) has been taken from GLAssNER. (2°) 
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and standard free energies of formation are shown 
in Table 4. 

In Table 5 are shown the standard free-energy 
changes AF° for decomposition reactions of copper 
and silver dihalides. The thermodynamic data 
correspond with the fact that, of the copper and 
silver dihalides listed, solid Culp, AgCle, AgBre 
and Aglare unstable with respect to decomposi- 
tion to monohalide at 25°C. 
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Resumé ‘étude de |’autodiffusion des ions dans les halogénures alcalins polycristallins constitués 
fférentes grosseurs a été réalisée en fonction de la température. Dans tous les cas, 
liffusion des ions est la méme, que la migration s’effectue dans des 


ristaux. Dans tous les composés, 4 |’exclusion des sels de césium, 


la méme, que l’on opére sur des mono-ou des polycristaux; 
accroissement est d’autant plus important que la dimension 


Ss accroit et cet 


constituant les agrégats polycristallins est plus petite. Cependant, dans le 


taux 
de diffusion du cation est également influencée par la présence 


sible de relier cet accroissement de vitesse de diffusion 4a la 


polarisé, plus l’influence des 
polarité de l’ion diffusant. Une étude autoradiographique 


surfaces intercristallines est 


Abstract—A study of ions in polycrystalline alkali halides of different particle 


een mad temperature. In every case, the activation energy for self- 
ether migration takes place in single crystals or polycrystals. 
tion of the salts of cesium, the speed of diffusion of the cation 

By contrast, the migration rate of the anions increases as 

tals comprising the polycrystalline agregates become smaller. 
ium salts the speed of diffusion of the cation is equally influenced 
ne boundaries. It is possible to connect this increase in the speed 


ions. ‘J 


illine surfaces, irrespective of the polarity of the diffusion ion 


tion of the » more the ion is polarized, the greater the influence 
An autoradiographic 


these conclt 


d’halogénures alcalins: halogénures de potassium: 
KF, KCl, KBr, KI; chlorures alcalins: NaCl, 


KCl CsCl et aussi sur le fluorure de césium CsF. 


erches ont déja été effectuées 


- }? 14 ] 
la vitesse d autodiiftusion dans 


compare! 


11 


| 
nétaux monocristallins et polycristallins. 


Ces 


ides sont d’une importance fondame 


pour 
d’examiner 
nous 
ce journal 
hal ¢ T 
1laiogenures 


trouver mo 


lines pour 


sntale pour 


precise de la structure du joint 


tit | 


= 
constituant les solides 


} 


semble 


es recherc eS ae ce genre 
sur des composés 1oniques 
I nous sommes 


lans juelle I -c1iTre le 


ous 


p! ( pe SES 


s résultats que 


avions obtenus et publiés récemment dans 
] f 


sur l’autodiffusion des ions dans les 
alcalins monocristallins pourraient se 


1 


les expériences concernant 


les échantillons polycristallins La presente étude 


a porte 


comme ia 


] précéedente sur deux séries 


Dans chaque cas, on a ¢tudié l’autodiffusion de 
l’anion et celle du cation dans des échantillons poly- 
cristallins constitués de cristaux de différentes 
dimensions, et comparé les résultats ainsi obtenus 


4 ceux relatifs aux échantillons monocristallins. 


PARTIE 1 
1 RAPPEL DE LA METHODE EXPERIMENTALE 
La méthode expérimentale employée a été 
décrite en détail dans notre précédent article.) 
On utilise les isotopes radioactifs correspondant 
différents diffusants. Les coefficients 


aux ions 
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d’autodiffusion a une température donnée et dans 
un composé donné sont obtenus en calculant la 
pente de la droite représentant la fonction : log 
A = f(x), A étant la radioactivité de l’élément 
diffusant 4 une distance x de l’interface origine. 
Cette formule est en effet toujours valable ici, car 
comme nous le verrons par la suite, on ne peut 
faire intervenir les équations de FIsHER®) et 
WHIPPLE. ®? 

Les échantillons polycristallins ont été préparés 


tiamétre mc 
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grosseurs de cristaux dépendant de la préparation 
de la poudre de départ : 

(a) Grains trés fins. Précipitation du sel par un re- 
froidissement rapide de la solution aqueuse 
saturée chaude. 

(b) Grains fins. Broyage au mortier d’agate des 
cristaux d’origine. 

(c et d) Grains moyens et gros grains. Clivage des 
monocristaux. 


jiamétre moyer 


T 764~K 











ad iff ;qior 
Y 


amétre moven 


T 995°K | 


¢ 





28h 





Fic. 1. Exemples de courbes 


KBr poly 


cristoallir 


diametre moyer 





T BRR°K 
10 


hh 


x 





de pénétration par autodiffusion 


des ions dans le bromure de potassium polycristallin. 


a partir de produits (Merck pour analyse)) a |’ex- 
clusion du chlorure de césium de haute pureté qui 
nous a été fourni par Monsieur le Professeur 
Hackspill, Membre de l'Institut de France 4 qui 
nous adressons nos vifs remerciements, et du 
fluorure de césium préparé au laboratoire a partir 
du chlorure. 

Les échantillons sont préparés par frittage de 
poudres des différents halogénures; les expéri- 
ences ont été effectuées en général sur quatre 


Pour ces deux dernieres catégories, les mono- 
cristaux de départ sont préparés au laboratoire, 
soit par fusion et refroidissement lent des diffé- 
rents halogénures, soit par clivage direct des blocs 
monocristallins employés dans notre précédente 
étude. ‘) 

Dans chaque cas, la poudre est séchée a 150°- 
200°C et comprimée dans des moules en acier 
spécial a haute résistance de fagon a obtenir des 
pastilles cylindriques de 5 mm de hauteur et 1,5 
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a. Pour chaque halogénure, on a 


a pression de compression minimum 


d’obtenir des agrégats de densité 
et pour chaque composé des pressions 

res de 4000 4 5000 Kg/cm? a cette pression 
employées. Les pastilles poly- 


nt ensuite chauffées pendant une 


centaine d’] 20°-30 C au—dessous de la 


température de fusion de chaque composé, avec 


montée et baisse de température tres lentes. Les 


pastilles frittées sont ensuite polies comme les 


monocristaux 


Détermination de la dimension moyenne des cristaux 

Apres frittage, les échantillons sont légerement 
polis de fagon a éliminer la couche supérieure qui 
pourrait donner des indications erronnées sur la 
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dimension des cristaux. Le contour des grains est 
révélé en frottant trés légérement la pastille sur 
une peau de chamois humide. L’examen au micros- 
cope s’effectue avec un oculaire gradué, le dia- 
métre moyen des grains est obtenu en effectuant la 
moyenne d’une trentaine de mesures. Dans le cas 
du fluorure de césium qui est tres hygroscopique, 


il n’est pas possible de déterminer la dimension 
moyenne des cristaux, ce composé s’hydratant 
tres rapidement a I’air 


2 CALCUL DU COEFFICIENT DE DIFFUSION 
f(x?) permettent de cal- 
culer le coefficient de diffusion. La Fig. 1 donne 
quelques courbes relatives 4a 
l’autodiffusion des ions dans le bromure de potas- 


Les courbes log A 
exemples_ de 


sium polycristallin. Les deux courbes supérieures 
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sont relatives a l’autodiffusion de l’ion potassium 
et les deux courbes inférieures a celles de l’ion 
bromure. Dans chaque cas, et dans toutes les ex- 
périences que nous avons effectuées, les points ex- 
périmentaux permettent toujours de définir par- 
faitement la droite représentant la fonction log 
A = f(x?) et de calculer ainsi le coefficient de 
diffusion correspondant. Ces courbes ne présen- 
tent aucune anomalie spéciale méme pour les 
valeurs de x importantes et ceci quelle que soit la 
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grosseur des cristaux constituant les agrégats poly- 
cristallins. D’aprés ces résultats, on voit que les 
équations de FIsHER™) et de WHIPPLE’) ne sont 
pas applicables dans notre cas. 


3 CALCUL DE L’ENERGIE D’ACTIVATION 

Connaissant les coefficients d’autodiffusion des 
différents ions en fonction de la température et 
pour différents échantillons, il est facile de déter- 
miner les énergies d’activation correspondantes en 
calculant la pente des courbes Log D = f(1/T°K). 
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Sur les Fig. 2 et 3 on a représenté l’ensemble de 
nos résultats expérimentaux. Sur chaque graphique, 
nous avons aussi indiqué les résultats obtenus dans 
des échantillons monocristallins. Dans le cas du 
fluorure de potassium et de césium, nous n’avons 
pu effectuer la mesure de la vitesse de migration de 
Vion fluorure par suite de l’inexistence d’un iso- 
tope de cet élément de période suffisamment 
longue. Seuls les résultats relatifs a la structure 
césium 


cubique a faces centrées du chlorure de 











seront pris en considération, cette structure étant 
analogue a celle des autres composés étudiés. 


PARTIE 2 
L’examen des Fig. 2 et 3 dans lesquelles sont 
rassemblés tous les résultats expérimentaux per- 
met de faire les observations suivantes : 


(1) Dans le domaine de température étudié et 
pour tous les ions, les énergies d’activation d’auto- 
diffusion sont les mémes que l’on opere en mono- 
ou en polycristaux. En effet pour un ion donné 
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et dans un donné, les courbes Log 
D = f(1/T) 
que 
l’échantillon étudié. Ce résultat indique que le 
mécanisme de diffusion est certainement le méme 


compos¢ 
sont paralleles ou confondues quelle 
des cristaux constituant 


soit la grosseur 


les cristaux uniques et dans les zones inter- 
cristallines. I] en résulte que toutes les con- 
séquences relatives aux énergies d’activation que 
nous avions déduites de notre premiere étude") 
sont également valables dans le cas des poly- 
cristaux; nous ne redonnerons pas le tableau 
des énergies d’activation, qui serait identique a 
celui de la précédente étude. Nous indiquerons 


uniquement la valeur de l’énergie d’activation 


d’autodiffusion de l’ion césium dans le fluorure de 
césium qui n’avait pas été déterminée précédem- 
ment 

38,5 + 2,5 Keal/ion. 


5 


(2) La présence des surfaces intercristallines se 
manifeste uniquement par un accroissement du 
terme de fréquence Do 
donné, l’accroissement de la vitesse d’autodiffusion 
d’un ion pour une grosseur de grain donnée est 
indépendant de la témperature 

(3) Dans le domaine de température envisagé et 
dans tous les composés studiés, a l’exclusion des 
sels de césium, seule la vitesse de diffusion de l’ anion 
est accrue par la présence des surfaces intercristallines ; 
celle du cation reste la méme que l’on opére en mono- 
ou en polycristaux. Dans le cas du chlorure et du 
fluorure de césium, la vitesse de diffusion du cation 
est, elle aussi, augmentée par la présence de sur- 
faces intercristallines, peu il est vrai, par rapport 
aux autres cas, mais suffisamment cependant pour 
montrer que ce phénoméne n'est pas une propriété 
spécifique des anions 

(4) Dans tous les halogénures, a l’exception de 
ceux de césium, la vitesse de diffusion du cation 
reste constante et celle de l’anion s’accroit lorsque 
la diffusion a lieu dans des agrégats constitués par 
des cristaux de plus en plus petits. I] en résulte 
qu’a une température, le coefficient 
@’autodiffusion de l’anion peut égaler celui du ca- 
tion et méme le dépasser pour des grains suffisam- 
ment petits. En examinant les diagrammes des Fig. 
2 et 3, on peut repérer la température minimum 
(@C min.) au-dessus de laquelle la vitesse de 
diffusion de l’anion est plus grande que celle du 


certaine 


cation. Dans le Tableau 1 sont indiquées les valeurs 


Done dans un composé 
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de #°C min. correspondant aux échantillons cons- 
titués par les cristaux les plus petits que nous 
ayons étudiés. 


Tableau 1 


KBr KI 
60. 120p 


KCI 
60 pu 


NaCl 


Halogénure 50 pu 


400°C | 510°C 


6°C min. 640°C 


Pour le chlorure de sodium, l’ion sodium 
diffuse toujours plus vite que l’ion chlorure, méme 
dans des agrégats constitués de grains de 50 p. Par 
contre, dans le domaine de température étudié, 
lion bromure diffuse toujours plus vite que l’ion 
potassium dans des agrégats de bromure de potas- 
sium formés de grains de 60 wu. Dans le chlorure et 
liodure de potassium, |’ordre des vitesses d’auto- 
diffusion des deux ions peut étre inversé suivant 
que l’on considére la migration dans un mono- 
cristal ou dans un échantillon polycristallin. Ces 
résultats infirment nettement lidée souvent émise, 
selon cations diffuseraient toujours 


laquelle les 
plus vite que les anions. C’est pourquoi, dans 
l’interprétation des phénomeénes de frittage des 
poudres de composés ioniques notamment, il 
semble qu’il faille tenir compte pour une large part 
de la diffusion des ions dans les régions voisines des 
joints intercristallins. @ 

Pour un ion donné, et dans un composé donné, 
f(1/T) relatives a différentes 
grosseurs de grains étant parallcles entre elles, il en 


les courbes Log D 


résulte que l’accroissement de la vitesse de diffu- 
sion pour une grosseur de grain donnée est, par 
rapport au monocristal, indépendante de la tem- 
pérature. On peut donc définir un coefficient 
d’accroissement D, correspondant a une grosseur 
de grains donnée. II est ainsi possible de dresser le 
Tableau 2. 

Dans le cas du chlorure de césium, seules les 
valeurs relatives a la structure cubique a faces 
centrées ont été prises en considération. On sup- 
pose de plus, dans le cas de KF, CsF et CsCl, que 
la vitesse de diffusion des ions dans des poly- 
cristaux dont les grains mesurent 2 4 3 mm est la 
méme que dans un monocristal. 

Si l’on cherche a exprimer |’accroissement de la 
vitesse de diffusion, non plus en fonction du dia- 
métre moyen des grains, mais en fonction de 
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Tableau 2 


n 


, ) 
Diam. moyen des ‘ 


Halogénure . . ———— 
grains en microns 
cation anion 





800 
100 
30 





500 
140 
60 





800 
250 
180 

60 





1400 
350 
200 
120 


1000 
110 
50 


200 
60 


moyen 
fin 


l’étendue des surfaces intercristallines, qui ap- 
parait comme la seule variable significative, on 
obtient le faisceau de droites de la Fig. 4. Sur ce 


graphique, on a représenté le coefficient d’accrois- 
sement D, en fonction de la surface totales des 
cristaux contenus dans 1 cm? de l’agrégat poly- 
cristallin; cette surface est proportionnelle a 1/d, d 
étant le diamétre moyen des grains. Toutes les 


droites convergent au méme point: D, = 1; 
S = 0, qui correspond au monocristal. L’examen 
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de la Fig. 4 montre que dans le domaine de dimen- 
sion de grain étudié, l’augmentation de la vitesse 
de diffusion est proportionnelle a la surface totale 
de ceux-Cct. 


Fic. 4. Accroissement du coefficient d’autodiffusion des 

ions dans les différents composés, par suite de l’existence 

de surfaces intercristallines, en fonction de la surface 
de celles-ci. 


Afin de comparer les différents halogénures 
entre eux, on a repéreé sur cette figure, les valeurs 
du coefficient d’accroissement D, correspondant a 
100 
groupées dans le Tableau 3. 

L’examen de ce tableau montre que |’influence 
de la limite des cristaux sur la vitesse d’auto- 
diffusion des ions dans les agrégats polycristallins 
varie beaucoup d’un composé a |’autre. 


des grains de microns. Ces valeurs sont 


Tableau 3 


Halogénures 








1,65 


Cst 
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PARTIE 3 


L’ensemble des résultats précédents fait ap- 


paraitre, dans la plupart des cas, une différence 
essentielle de comportement des anions et des 


l’autodiffusion intercristalline, 


cations a l’égard d 
lifférence qui n’avait jamais été signalée jusqu’ici, 
Nous avons pensé, qu’il 


notre connaissance 
rait intéressant de chercher a établir une relation 


ces observations et les phénomeénes de polari- 


1OnNigUE jul pre! nent une importance 


re dans le comportement des ions super- 


yar vite 
par suite (¢ 
J 


lu caractere disymétrique des 


auxquelles ils sont soumis. Des tentatives 


ies ont en effet été faites récemment avec 
par différents auteurs et en particulier par 


Wey! pour phénomenes 


expliquer certains 


Nous envisagerons donc 


spécifiques les surtaces 
l’étude de nos résultats expérimentaux en fonction 
la possibilité de deformation des ions cons- 


tuant les différents halogénures étudiés. I] faut 


| 


ter que dans un halogénure alcalin donné, un ion 


no;tel 
] 


larisé que sa polarisabilité 


est d’autant plus po 
ue le pouvoir polarisant de l’ion anta- 
p 


d’abord les halogénures de potassium, puis les 


| 
l Nous examinerons tout 


us grands 


chlorures alcalins et enfin les halogénures de 


ceslum 


1 ETUDE DES HALOGENURES DE POTASSIUM 


étude a porté sur le fluorure, le chlorure, 
Dans cette 


Cette 
le bromure et l’iodure de 
série, la vitesse d’autodiffusion du cation commun 


potassium 


qui est trés peu polarisable, est la méme dans 


K+ 
les écl I] +t polycristall Parc 
des échantillons mono-et polycristallins. Par contre, 


celle des différents anions (Cl-, Br-, I-) s’accroit 
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lorsque l’on passe du monocristal a des agrégats 
polycristallins constitués de grains de plus en plus 
petits. I] est intéressant de rappeler que cet ac- 
croissement de la vitesse de diffusion n’entraine 
aucune variation notable de |’énergie d’activation 
d’autodiffusion. L’examen du ‘Tableau 3, ot sont 
rassemblées les différentes valeurs de 1|’accrois- 


d’autodiffusion ions 


sement du coefficient des 
lorsque l’on passe du monocristal a des agrégats 
constitués par des grains de 100 microns, montre 
que cet accroissement est plus important pour 
l’iodure que pour le bromure et le chlorure. On 
peut remarquer qu’il suit les variations de polari- 
sabilité des anions dont les valeurs sont groupées 


dans le Tableau 4 
Tableau 4 


Halogénure KI KC] 


Polarisabilité 0,99 3.05 


de |’anion(' 


D 1,65 


Dans cette série, la variation de la possibilité de 


déformation des anions dépend uniquement des 
différences de polarisabilité, le pouvoir polarisant 
du cation restant le méme. Aussi, on a représenté 
sur un diagramme (Fig. 5) les variations de l’aug- 
mentation du _ coefficient d’autodiffusion des 
différents anions (voir tableau 3) en fonction de la 
ions. L’examen de cette 


polarisabilité de ces 


figure montre que /’accroissement de la vitesse de 
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polarisabilite des anions 


Variation de |’accroissement du coefficient d’autodiffusion 


des anions dans les halogénures de potassium polycristallins en 
fonction de la polarisabilité de ces anions. 
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diffusion dui aux surfaces intercristallines est pro- 
portionnel a la polarisabilité de l’anion considéré. 

Dans le cas du fluorure de potassium, ow la 
polarisabilité de l’ion fluorure est tres petite, il est 
fort probable que les surfaces intercristallines sont 
sans influence sur la migration de cet anion; 
d’ailleurs la valeur de sa polarisabilité ne figure pas 
sur le graphique, car elle est repoussée bien a 
gauche sur |’abcisse. 


2 ETUDE DES CHLORURES ALCALINS 


Cette étude a porté sur le chlorure de sodium, 
le chlorure de potassium et le chlorure de césium. 
Ici encore, on ne considérera que la structure 
cubique a faces centrées du chlorure de césium. 
Dans cette série, la vitesse d’autodiffusion du ca- 
tion Na+ dans NaCl et du cation K+ dans KCl est 
la méme dans des mono- ou dans des polycristaux. 
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Tableau 5 


NaCl 


Halogénure 


KCl RbCl 


Pouvoir pola- 
risant du 
cation” 


D 


Dans cette série, la variation de la possibilité de 
déformation de l’anion commun CI- qui voit sa 
vitesse de migration s’accroitre par suite de la 
présence des surfaces intercristallines, dépend 
uniquement du pouvoir polarisant des différents 
cations. On a donc représenté sur un graphique 
(Fig. 6) les variations de l’augmentation de I’ac- 


croissement de la vitesse de diffusion de l’anion 














— 
0-25 


0:75 polarisant des catior 


pouvoir 


Fic. 6. Variation de l’accroissement du coefficient d’autodiffusion 
des anions dans les chlorures alcalins polycristallins en fonction 
du pouvoir polarisant du cation antagoniste. 


Par contre, celle de l’anion commun Cl- et du 
cation Cs* s’accroit dans CsCl lorsque l’on passe du 
monocristal 4 des agrégats constitués de grains de 
plus en plus petits. On peut rappeler toutefois que 
ces accroissements n’entrainent aucune variation 
notable de |’énergie d’activation d’autodiffusion. 
L’examen du Tableau 3 montre que l’accroissement 
de la vitesse d’autodiffusion de l’anion commun 
Cl-, dd aux surfaces intercristallines, s’accroit 


lorsqu’on passe du chlorure de césium au chlorure 
de potassium et au chlorure de sodium. Cet ac- 
croissement suit les variations du pouvoir polari- 
sant des différents cations, dont les valeurs sont 


rassemblées dans les Tableau 5. 


du aux surfaces intercristallines (‘Tableau 3) en fonc- 
tion du pouvoir polarisant du cation antagoniste. 

L’examen de cette figure montre que l’accrois- 
sement de la vitesse d’autodiffusion de l’anton du 
aux surfaces intercristallines est proportionnel au 
pouvoir polarisant des différents cations antago- 
nistes. 

D’apreés ce graphique, on peut présumer que le 
coefhicient d’autodiffusion de lion chlorure dans 
le chlorure de rubidium polycristallin est peu 
différent de celui obtenu dans un monocristal; 
ainsi dans un échantillon constitué de grains de 100 
microns, l’accroissement de ce coefficient doit 
étre de l’ordre de 1,55. 
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ETUDE DES HALOGENURES DE CESIUM 


Cette étude a porté uniquement sur le chlorure 
et le fluorure de césium, les autres halogénures 
ayant une structure cristalline différente des com- 
posés précédemment étudiés. Dans cette série, la 
vitesse d’autodiffusion du cation césium s’accroit 
lorsque la dimension des grains constituant les 
agrégats polycristallins dans lesquels ils diffusent, 

Cet 
variation notable de |’énergie d’activation 


diminue accroissement n’entraine toutefois 


aucune 
d’autodiffusion 
L’influence des surfaces intercristallines sur la 


d’autodiffusion de lion césium dans le 


vitesse 
chlorure de césium suit aussi les 
l’anion : 


fluorure et |e 
Variations 
Tableau 6 


pouvoir polarisant de 
Tableau 6 


Halo 


Pouvoir pola 


l’anion(’ 


D 


L’étude des halogénures de potassium et du 
chlorure de sodium pourrait nous porter a croire 
que seule la vitesse de diffusion des anions est 
accrue par la présence de surfaces intercristallines, 
celle des cations étant indépendante du milieu de 
diffusion. L’étude halogénures de césium 

] 


montre qu’en réalité l’influence des surfaces inter- 


des 


cristallines sur la vitesse d’autodiffusion des ions 
n’est pas une propriété exclusive des anions. Le 
facteur essentiel parait étre l’aptitude de l’ton a se 
déformer dans les champs de forces asymétriques 
gui régnent a la limite des domaines cristallins. 
Quelques exemples montrent en particulier qu’a 


polarisabilité égale et placés dans des conditions 


équivalentes, les cations ont la méme sensibilité 


aux surfaces intercristallines que les anions. 


4 COMPARAISONS 
(1) Chlorure de potassium et fluorure de césium 
L’ion potassium et l’ion fluorure ont des pou- 
voirs polarisants é¢gaux (0,57); ils possedent res- 
pectivement comme partenaire dans ces deux 
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composés, l’ion chlorure et l’ion césium dont les 
polarisabilités sont voisines (3,05 pour Cl- et 
2,79 pour Cs*). Ces derniers se trouvent donc 
placés dans des conditions de polarisation presque 
équivalentes et il est a prévoir que, de ce fait, leur 
sensibilité 4 l’égard des surfaces intercristallines 
seront voisines, ce que nos expériences vérifient. 
(D, pour Cl- dans KCI : 1,65; D, pour Cs* dans 
CaF : 1,58 1,7). 


(2) Chlorure de césium 

Cet halogénure est particuliérement intéressant, 
car les deux ions qui le constituent ont des polari- 
sabilités voisines et suffsamment élevées pour 
qu’ils soient sensibles tous deux a |’influence des 
surfaces Cette sera 
donc d’autant plus importante que le pouvoir 
polarisant de l’ion antagoniste a l’ion considéré 
sera plus grand. L’ion césium a un pouvoir polari- 


sant de 0,37 et l’ion chlorure de 0,30, en con- 


intercristallines. sensibilité 


séquence l’influence des surfaces intercristallines 
doit étre plus forte pour l’ion chlorure que pour 
lion césium; nos expériences le vérifient par- 
faitement. (D, pour Cs+ dans CsCl: 1,30; D, 
pour Cl~- dans CsCl : 1,45). 


ETUDE AUTORADIOGRAPHIQUE 

Afin de rendre tangible cette diffusion inter- 
cristalline, dont l’ensemble de nos expériences 
nous a amené a admettre l’existence, nous avons 
suivi par autoradiographie les progres de |’auto- 
diffusion dans des agrégats polycristallias. Les 
mesures ont eu lieu sur la diffusion de l’ion iodure 
dans des échantillons d’iodure de potassium poly- 
cristallins dont les grains avaient environ 1 mm de 
cété. Bien que les essais aient eu lieu a différentes 
températures, nous ne présenterons qu’une étude 
relative 4 une température de diffusion inter- 
médiaire : 580°C. La préparation des échantillons 
est identique a celle déja décrite; on opere avec 
deux pastilles, dont l’une sert a tracer la courbe de 
pénétration de lion radioactif, et l’autre est 
utilisée pour les autoradiographies. 

Le diagramme supérieur de la Fig. 7 représente 
la variation de l’activité des différentes tranches en 
fonction de la profondeur de pénétration. Le dia- 
gramme inférieur représente la courbe log A = 
f(x?), qui permet le calcul du coefficient de diffu- 
sion. Le temps de diffusion a été de 82 h, la tempé- 
rature de 580°C, le coefficient de diffusion est de 
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AUTODIFFUSION DES IONS 


5.10-1%m?sec-!. I] faut noter qu’une expérience 
effectuée a la méme température sur un mono- 
cristal donne un coefficient de diffusion légére- 
ment inférieur soit: 3,5.10-1%m2sec—!. Les auto- 
radiographies représentées en haut des graphiques 
sont agrandies 1,3 fois environ; elles ont été faites 
sur du film Kodak, ((Kodaline)). Les diftérents 
temps de pose indiqués sur le diagramme du haut 
ont été calculés de fagon qu’un nombre égal de 
particules impressionne le film dans chacun des 
différents essais. Le temps de pose de la premiere 
autoradiographie a été déterminé par tatonnement 
de facon a obtenir un noir france sur le négatif. 
Les autres valeurs du temps de pose sont calculées 
en prenant cette premiere valeur comme référence 
et en considérant |’activité qui reste dans |’échan- 
tillon apres chaque découpage de 12/100 mm. La 


. . . , , 4 “x0 , 
radioactivite restante est égale a | ydx, y étant 
x4 


la fonction A = f(x) qui représente l’activité de 
lion diffusant en fonction de la profondeur de 
pénétration et x; la distance de l’interface origine 
au plan ot va étre effectuée l’autoradiographie. 
Cette intégrale n’étant pas calculable, on détermine 
l’aire comprise sous la courbe A = f(x) entre les 
plans x et x, x correspondant a la derniére valeur de 
A mesurable (cette courbe est déja déterminée par 
un autre échantillon traité dans les mémes con- 
ditions). On a ainsi trés approximativement le temps 
de pose correspondant. 

Les deux premieres 
permettent pas de distinguer la présence des 
surfaces intercristallines, mais 4 mesure que 
l’on pénétre dans le solide, les joints des grains se 
révélent de plus en plus et dans le dernier cliché ils 
apparaissent seuls; aucun noircissement n’est 
décelable au centre des cristaux. I] faut remarquer 
que la ((quantité)) de noircissement devant rester 
la méme sur toutes les autoradiographies, les joints 
apparaissent tres noirs. Cet exemple montre que, 
comme nous l’avions prévu, la diffusion de l’ion 
iodure est grandement influencée par la présence 
de surfaces intercristallines. 

Des études identiques ont été effectuées sur la 
diffusion de l’ion potassium K+ radioactif; dans ce 


autoradiographies ne 
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cas, les images autoradiographiques sont toutes les 
mémes, quelle que soit la profondeur de pénétra- 
tion, le film est uniformément noirci. Les joints 
des grains ne se révelent absolument pas et n’ont 
par conséquent aucune influence sur la vitesse de 
diffusion. Ce dernier résultat est parfaitement en 
accord avec les mesures des coefficients d’auto- 
diffusion de l’ion potassium, qui d’aprés nos ex- 
périences antérieures nullement in- 
fluencées par la présence de surfaces intercristal- 
lines. 


ne sont 


CONCLUSION 

L’ensemble de ces résultats montre qu’ il existe 
une relation simple entre la possibilité de déforma- 
tion des ions (anions ou cations) et leur sensibilité 
aux surfaces intercristallines lors de leur diffusion. 
Plus lion est polarisé, c’est 4 dire plus sa polari- 
sabilité propre est grande et plus le pouvoir polari- 
sant de l’ion antagoniste est élevé, plus l’influence 
des surfaces intercristallines est importante lors de 
sa migration dans des agrégats polycristallins. I] 
semble donc, que toutes tentatives d’explication 
théorique de ces phénomenes devra s’effectuer en 
prenant pour base les propriétés de polarisation des 
ions. 

Cette étude montre de plus que |’énergie d’acti- 
vation du processus d’autodiffusion des ions dans 
les halogénures alcalins mono- et polycristallins 
étant la méme, le mécanisme de migration des ions 
dans les z6nes marginales des cristaux et dans la 
masse méme de ceux-ci doit étre de méme nature. 
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Mercury telluride has been prepared by direct reaction of mercury vapor with liquid 
The compound was zone melted and annealed in mercury vapor under various pressures 
t was found that the composition near stoichiometry could be altered by the anneal. 


Hall coefficient and resistivity were measured as a function of temperature. Analysis of the results 


s 17,000 cm?/Vsec at 300°K and 25,000 cm?) Vsec 


INTRODUCTION 
he past several years, there has been con- 
siderable interest in semiconducting compounds. 
In this paper, results of studies on the preparation 
electrical properties of mercury telluride are 


ana I 
given. The electrical properties were markedly 


changed by annealing in mercury vapor. The pre- 
aration, zone melting, annealing, and electrical 


T 
I 

} 
I 


yroperties ol HgTe are described. 


PREPARATION OF MERCURY TELLURIDE 

Mercury with an estimated purity of 99-99* per 
cent and tellurium which had been sublimed twice 
in a stream of hydrogen at approximately 800°C 
were used to prepare the compound. The purifica- 
tion technique for tellurium has been described 
previously 
Vycor boat (1-9 cm 


The elements were placed in a 
20 cm) and sealed in an 
evacuated quartz tube (2-2 cm 56 cm). 

The compound was prepared by the two-zone- 
furnace technique which provided a uniform high- 
temperature zone for melting and casting the 
ingot, and a low-temperature zone, which could 
be varied independently of the other zone, for 
controlling the vapor pressure of mercury in the 
system. The material was maintained at the melting 
point (~ 670°C) for a period of 4 hr or longer; the 
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ve 0-02 eV for the energy gap at 0°K and a hole to electron mobility ratio of 0-01 


The Hall 


at 143°K 


vapor pressure of mercury was maintained at about 
15 atm. In cooling the system, the mercury vapor 
pressure was always kept equal to or greater than 
the upper limit of the dissociation pressure of the 
compound. The upper limit of this pressure at 
temperatures below the melting point was assumed 
to be half the vapor pressure of pure mercury at 
the same temperature. 

Under a mercury vapor pressure of about 15 
atmospheres, the melting point of the compound 
was established to be 670+-5°C, which is the value 


quoted in the literature. @ 


ZONE MELTING OF MERCURY TELLURIDE 

The early zone-melting experiments were car- 
ried out under 5 and 10 atm of mercury and re- 
sulted in extremely polycrystalline HgTe. From 
zone-melting work with other compounds, it is 
known that extremely polycrystalline material 
usually results if the ambient pressure of the 
volatile constituent is maintained considerably 
below the dissociation pressure of the compound. 
(The dissociation pressure may be thought of as the 
vapor pressure of the volatile constituent in equili- 
brium with the compound at a specific tempera- 
ture.) Additional experiments were carried out 
under a mercury pressure of 15 atm. It was found 
that if the ingot temperature is too low, the care- 
fully crystallized solid melts because of alloying, 
and the subsequent rapid nondirectional freeze 
results in extremely polycrystalline material. This 
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alloying phenomena was also observed in anneal- 
ing experiments. It is concluded that to zone melt 
HgTe successfully, there must be three carefully 
controlled temperature zones which have the fol- 
lowing limitations. One temperature zone, 7}, is 


pound. The third temperature zone, 73, controls 
the mercury pressure. It can be neither too high 
in temperature because of the possibility of alloy- 
ing, nor too low in temperature because of result- 
ing loss of mercury from the liquid zone due to 


Zone-melting 


Mercury vapor 
pressure controiling 
region 


region 


Eye ports 


To pulling 


5 hit 
apparatus Graphite 


tube 


Induction coil 
windings 

















Quartz tube 








\ 


Ambient - temperature 


regions 


Fic. 1. Apparatus for zone melting. 


for the molten zone (see Fig. 2) which is, of course, 
at the melting point of the compound. A second 
zone, Js, is for the solidified ingot and cannot be 
too high in temperature or too low in temperature. 
A temperature appreciably higher than the allow- 
able range for 72 would prevent formation of a 
sufficient temperature gradient for recrystalliza- 
tion, while a temperature appreciably lower would 


favor alloying and consequent melting of the com- 


dissociation of the compound. After several ex- 
periments, it was found that satisfactory conditions 
for zone melting HgTe are achieved with the ingot 
temperature at 620°C (approximately 50°C below 
the melting point of the compound) and the tem- 
perature controlling the mercury pressure at about 
560°C, corresponding to a mercury pressure of 
approximately 15 atm. As shown in Fig. 1, the 
zone-melting apparatus for HgTe is similar to the 














Distance From Hot Zone, inches 


2. Temperature distribution along graphite tube used for zone melting HgTe. 
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one described in reference (1). However, the num- 
ber of eye ports was increased to allow visual ob- 
servation of the entire tube. Thus, alloying and 
observed 


condensation of could be 


directly. The temperature distribution along the 


mercury 
graphite tube in Fig. 1 is shown in Fig. 2. 

The temperature minima in zones JT» and T3 
must not deviate more than 10°C from the values 
shown in Fig. 2. Zone-melt passes at a recrystal- 
lization velocity of 1-2 cm/hr were carried out. 
Specimens removed from the ingots for annealing 
experiments and investigation of electrical pro- 
perties possessed several crystallites and were 
believed to be of sufficient quality to obtain ac- 
information on energy gap and mobilities 


rat 
Curate 


1 


f the compound. It is concluded that nearly 
single-crystal specimens of HgTe can be cut from 
ngots of HgTe zone melted under the temperature 
conditions shown in Fig. 2 and at recrystallization 
rates of about 1-0 cm/hr. The effectiveness of re- 
moving foreign impurities from HgTe by the 
zone-melt technique has been discussed by BLACK 
et al 
ANNEALING OF HgTe IN MERCURY VAPOR 
Studies?’ on CdTe have shown that annealing 
the compound in cadmium vapor at pressures 
above the dissociation pressure of the compound 
results in n-type CdTe, while annealing the com- 
pound in cadmium vapor at pressures below the 
dissociation pressure of the compound results in 
p-type CdTe. It was anticipated that the same 
techniques could be used for altering the composi- 
tion near stoichiometry of HgTe. 


9 


Specimens (12 mm <4 mm X2 mm) were re- 


{ 
noved from the zone-melted ingot and annealed 
moved trom the zone-meited ingot and anneaiec 


at 630 C under various pressures of mercury for 


10 days. Two furnaces were used, one of which 
controlled the mercury pressure and the other of 
which provided the annealing temperature of the 
sample. Initially, specimens were quenched in 
water from the annealing temperature. However, 
it was observed that blisters appeared on the sur- 
face and small holes extended throughout the bulk 
of quenched specimens. One possible explanation 
of these observations is that weakly bonded mer- 
cury in the specimen explodes out of the specimen 
as a result of the severe pressure change occurring 
at the specimen surface upon quenching. This 
hypothesis was shown to be correct by subsequent 
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experiments. The specimens of HgTe were cooled 
slowly from temperature under the condition that 
the vapor pressure of mercury over the specimen 
be equal to half the vapor pressure of mercury at 
the specimen temperature. With these cooling 
conditions, annealed specimens do not possess 
surface blisters or small pores 

As shown in the next section, the samples an- 
nealed under a pressure of 10 atmospheres of mer- 
cury were p-type. As the mercury pressure was 
increased to 15-5 atm, extrinsic hole density de- 
creased. The results show quite conclusively that 
the composition near stoichiometry of HgTe can 
be controlled by annealing in mercury vapor. 


ELECTRICAL PROPERTIES OF MERCURY 
TELLURIDE 
The Hall coefficient as a function of tempera- 
ture of an unannealed, zone-melted specimen and 
three annealed specimens is shown in Fig. 3. 
From the measured Hall coefficient in the extrinsic 
and the Hall maximum, R on 


region, R.,., _ 
Specimen 5F, the average actual hole to electron 
mobility ratio, b, was determined to be 0-01 using 
the equation, R,,,,,/R.., = (1—b)?/46. Using this 
mobility ratio and the conditions that m, = m,) at 
the Hall maximum and n, = n,6? at the Hall null, 
where n, and m, are the electron and hole con- 
centrations, respectively, an energy gap of approxi- 
mately 0-01 eV is calculated. However, the assump- 
tion that the actual electron mobility is always one 
hundred times greater than the actual hole mobil- 
ity between the temperature of the Hall crossover, 
75°K, and the temperature of the Hall maximum, 
250°K, could be in considerable error. Hence, the 
validity of this method for determining the energy 
gap of HgTe is uncertain. 

In Fig. 4, the resistivity as a function of tem- 
perature is given for several specimens of HgTe. 
Specimens 3A and 5C, which were n-type over 
the measured temperature range, have consider- 
ably lower resistivities than the p-type Specimens 
5E and 5F. The behavior is consistent with the 
low value of the hole-to-electron mobility ratio. 
From the data on resistivity as a function of tem- 
perature for p-type Specimen 5F, a value for the 
energy gap, AEF, of 0-08 eV was obtained by use of 
the equation 1/p = Ae~4¥/2kT, This value is 
identical to that given in early Russian litera- 
ture.'2) However, since the electron mobility does 
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Fic. 3. 


Hall coefficient as a function of reciprocal temperature for two 


n-type and two p-type specimens of HgTe. 


not vary as 7-*/2 in the measured temperature 
interval, the above equation leads to an erroneous 
energy gap value. 

In Fig. 5, the Hall mobility as a function of 
temperature is shown for the four specimens of 
HgTe. It is seen that the mobility varies as 
T-« from 350°K to 55°K where « < 1. Also, the 


< 
~ 


electron mobility is quite high. A value of 17,000 
cm2/Vsec at room temperature and a value of 
25,000 cm2/Vsec at 143°K were obtained for the 
n-type specimens. The ratio of R/p for the p-type 
specimen, 5F, decreases as the temperature de- 
creases due to hole as well as electron conduction 
playing a role. For the n-type specimens above 
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200°K, the ratio of R/p represents the electron 
mobility because, although the number of holes 
and electrons are equal, the hole conductivity is 
negligible compared to the electron conductivity 
due to the small value of b. It also follows that 
mall, the density of intrinsic carriers, 7;, 
1/R:e and since n,/T?/2 
In 1/R.T3/2 vs. 1/T should be 
an accurate value of the energy gap. 
103/T for the 


7 
a plot ol 


I 
linear and yield 


Fig. 6 shows 1/R,T?/2 vs 


K 
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and 


semiconductor appears to explain qualitatively the 
dependence of Hall coefficient on magnetic field 
from the highest temperature at which measure- 
ments were carried out to a temperature of about 
140°K. The of Hall coefficient with 
magnetic field at lower temperatures is not under- 


variation 


stood 


Fig. 8 shows the Hall coefficient as a function of 


temperature for two p-type specimens of HgTe. 
At the Hall maximum for specimen 5F, it is seen 


oF (p-type) 





Resistivity, ohm-cm 








12 


10°/T,°K"! 


function of 


1d two p-t 
A I ‘ 


3A and 5C. From the straight line 


portion of the curve, an energy gap of 0-02 eV was 


specimens 


calculated. This value is in good agreement with 
the value of 0-025 eV given by TsIDILKovsk1I.© 
The work of CarLtson) and BLAck et al.) also 
yields an energy gap of 0-025 eV. The deviation 


from the straight line below 200° K is believed to be 
due to the onset of extrinsic conduction while the 
deviation above room temperature is indicative of 
degeneracy. 

Fig. 7 shows the Hall coefficient as a function of 
temperature for specimens 3A and 5C measured 
at magnetic fields of approximately 400 gauss and 
7000 gauss. The two-band model of an intrinsic 


ype 


reciprocal temperature for two 


specimens of He's 


that the Hall coefficient increases from 28 
cm?/coulomb at 7000 gauss to 32 cm?/coulomb as 
the magnetic field is decreased to 400 gauss. Also, 
from the figure it is seen that the temperature of 
the Hall crossover increases as the magnetic field 
is increased. This behavior is analogous to that 
found in p-type InSb‘) but opposite to that ob- 
served in p-type germanium.) The InSb data is 
consistent with results due to contributions from 
one high-mobility electron and one or more holes 
of lower mobility, while the explanation of the 
germanium behavior’) requires a high-mobility 
hole, an intermediate-mobility electron and a low- 


mobility hole. 
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Fic. 5. Hall mobility as a function of reciprocal temperature 
for two n-type and two p-type specimens of HgTe. 
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Fic. 6. Reciprocal of the product of temperature to the three-halves power and 
Hall coefficient as a function of reciprocal temperature for the n-type specimens 


of HgTe. 
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Fic. 7. Hall coefficient as a function of reciprocal temperature for two 
n-type specimens of HgTe at magnetic fields of approximately 400 gauss 
and 7000 gauss. 


CONCLUSIONS 
The compound HgTe can be prepared by direct 
reaction of liquid tellurium with mercury vapor. 
By means of a three-temperature-zone apparatus 
the compound was zone melted. By annealing in 
mercury vapor the composition of the specimen 

near stoichiometry can be altered. 
It is concluded that the actual hole to electron 
mobility ratio in HgTe is very small, perhaps the 


order of 0-01. The energy gap at 0°K is also very 
small, approximately 0-02 eV. Electron mobilities 
of 17,000 cm?/Vsec at room temperature and 
25,000 cm?/Vsec at 143°K have been achieved. 
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Fic. 8. Hall coefficient as a function of reciprocal temperature for two 
p-type specimens of HgTe for weak magnetic fields and for 7000 gauss. 
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Abstract—The absorption spectrum of arsenic doped silicon has been obtained and is in good 
agreement with that calculated from the effective mass theory. Bands which do not obey the cal- 


culated term scheme are shown to arise from other donor impurities. Optical and thermal ionization 


energies appear to be very similar for Group III and Group V impurities. 


INTRODUCTION 

Ir has been shown") that the effective mass ap- 
proximation qualitatively accounts for the infrared 
spectra of Group III acceptors in silicon. For 
Group V donors one expects better agreement 
between theory and experiment”? since the struc- 
ture of the conduction band of silicon is less com- 
plicated and much better known than the valence 
band structure. However, the reported spectra of 
phosphorus, arsenic, antimony®) and bismuth? 
are quite dissimilar. Although all donor spectra 
using the KOHN 

Picus, HENVIS 
have recently reported for arsenic- 


were originally interpreted 
LUTTINGER® 
BuRSTEIN © 

doped silicon that two absorptions at about 316 


cm! and 274 cm7! can be attributed to electronic 


term scheme, and 


transitions of the neutral arsenic atom, and that the 
resultant spectrum is no longer consistent with the 
calculated effective mass term scheme. Our present 
show a band at 316-4-+-0-2 
Picus et al. At higher 
energies we also observe several bands not pre- 
viously resolved by other investigators. However, 
the excited states we attribute to the arsenic atom 


results for arsenic 


=] > : 
cm~* in agreement with 


are in essentially quantitative agreement with 
theory. Any deviation of the observed spectrum 
from theoretical predictions can be associated with 


other donors present as impurities. 


EXPERIMENTAL RESULTS 
The samples were prepared by doping a pulled 
crystal. Measurements were taken in a manner 


described previously.“) The 4-:2°K transmission 
spectrum of an arsenic doped sample with a net 
donor density of 1-5 x 1015/cm? is shown in Fig. 1. 
The approximate spectral resolution is also in- 
dicated. For comparison this figure also gives the 
spectrum of bismuth doped silicon. We note a 
band occurring at 316-4-+-0-2 cm! in both spectra. 
Neglecting this absorption, whose origin is dis- 
cussed below, the patterns for arsenic and bismuth 
are almost identical. ‘The energies and assignments 
of the observed arsenic bands are listed in Table 1, 
using the notation of KOHN and LUTTINGER.) 

Observed transitions of arsenic in silicon 


Table 1. 


Energy in 


eV x 10° 


Transition Assignment 


~ 2p, m -27 +-0-04 
2s(5)* 66 

-2p,m 

> 3p, m 


. 
> Sp, m 


VII 


*The parenthetical numbers give the degeneracy of 


these states. 
DISCUSSION 
Our spectra‘) indicate that most n-type silicon 


samples have more than one donor present in 
detectable quantities. In antimony doped silicon 


236 
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Fic. 1. Electronic spectra of arsenic and bismuth in silicon at 4:2°K. Note 


the break in energy scale at 5:8 


10-* eV. Approximate effective slit widths 


are shown. 


there is a prominent band at 316-4-+-0-2 cmc}. 3-7) 
The exact frequency coincidence of this band and 
those shown in Fig. 1 suggests that the 316-4 cm7! 
absorption arises from antimony contamination. 
The 274 cm-! absorption reported by Picus®? 
et al. coincides with an intense phosphorus ab- 
sorption and can correspondingly be attributed to 
phosphorus contamination. With this interpreta- 
tion the spectra for arsenic and bismuth are very 


similar. This result is in accord with the theoretical 
expectation of acommon term scheme) for donors 
and the observation that Group III acceptor 
spectra are not markedly different from each 
other.) 

The known values of the distribution coefh- 
cients are consistent with the contamination of 
bismuth doped samples with antimony and 
antimony doped samples with arsenic provided 
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Table 2. Spacings of excited states; energy difference in eV x 10° 


Theory) Arsenic Bismuth") 


03 5-20 -+-0-06 5-07 
0-7 ‘88 0-905 
0-15 25 ‘O08 3°45 


0-06 

0-075 
0-075 
~ 2 . 2-69 


0-06 


Not calculated 
Not calculated 


antimony and arsenic are impurities present in the 
bismuth and antimony used for doping purposes. 
It is difficult however to explain the presence of 
large amounts of antimony in arsenic doped cry- 
stals. It is likely that because of the extremely high 
vapor pressure of arsenic at the melting point of 
silicon much of the arsenic volatilizes during the 
doping process. Since antimony is a common im- 
purity in arsenic, the relative concentration of 
antimony may be greatly increased as a result of 
this process 

Experimental energy level spacings for arsenic 
and bismuth are compared in Table 2 with those 
calculated by KouHN and LutrTincer. For arsenic 
the separations are within the combined limits of 
error for the states which have been calculated. 
The (1s)-(3p, m 
solved for arsenic. Resolution of this transition is 


()) transition is also clearly re- 


further evidence of the accuracy of the effective 
mass theory. The relative intensity and position of 
this band were predicted theoretically® before it 
was first resolved“) in bismuth doped silicon. The 
agreement between the arsenic spectrum and the 
KOHN-LUTTINGER term scheme is_ excellent. 
Furthermore, the observed energy level separations 
are almost identical for arsenic and bismuth. 
Within the limits of experimental error the average 
difference is less than two percent. From the ob- 
served energies of transitions I, III, and VI and 
the calculated separations of the corresponding 
p-states from the conduction band, we get an 
optical ionization energy, Eo of 53-4+-0-2 x 10-3 
eV for arsenic. This is somewhat higher than the 
accepted thermal value,®) E,, of 4910-3 eV. 
However, the optical detection of antimony as an 
impurity and the probability that antimony is in- 
advertently introduced during the doping process 


0-075 
0-16 


0-08 2°565 
0-4 1°10 


suggest that the reported E,, may be somewhat 
lower than the true value. The Hall effect mea- 
surements of Morin and Maita®) show £r 
ranging from 46 x 10-8 eV to 5610-8 eV. Values 
of 55+-1x10-8 have also been obtained several 
times with highly compensated samples.) In this 
situation any donor levels closer to the conduction 
band such as antimony are ionized over the whole 
temperature range investigated and the true value 
of Evy is observed. These results indicate very 
little difference between Ey and Epo for arsenic. 
Previous work has shown that Ev x Eo for both 
phosphorous®) and bismuth.4@) We therefore 
expect no substantial difference for antimony. The 
fact that the reported Fy is less than Lo in this 
case may result from improper identification of the 
antimony absorptions. 

Similar discrepancies between Ey and Ep have 
been observed for Group III acceptors where 
there is agreement for boron and indium but not 
for aluminum and gallium. BurRsTEIN ef al.“®) 
have suggested that uncompensated boron centers 
might account for the differences. In view of the 
results presented here their suggestion seems 
correct. We therefore conclude that Ey x Er for 
both donors and acceptors. 

There is an indication of a very weak arsenic 


absorption at about 360 cm-!. A similar band in 


the bismuth spectrum was interpreted“) as the 
transition from the non-degenerate ground state to 
the fivefold approximately degenerate 2s states. 
This interpretation suggests that a transition from 
the ground state to the degenerate 1s states should 
also be observed at lower energies. No evidence of 
the 1s(1) to 1s(5) band has been obtained at 
energies above 36 x 10-8 eV. However this transi- 
tion is expected to be much less intense than the 
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allowed transitions and may be masked by anti- 
mony in the bismuth spectrum. Our measure- 
ments of arsenic doped silicon have not yet been 
extended to sufficiently low energies to detect this 
absorption. 


CONCLUSIONS 

When proper care is taken to eliminate bands 
associated with donors present unintentionally, the 
spectrum of arsenic in silicon is very well des- 
cribed by the effective mass theory. The remark- 
able similarity between the electronic transitions 
of arsenic and bismuth is consistent with the 
theoretical prediction of a common term scheme 
for the excited states of Group V donors in silicon. 
Present results indicate that E7 x Eo for Group 
V donors and Group III acceptors. 
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Abstract 
\ g BiSe 2 


ture exist 1n this 


The six pseudo-binary phase diagrams in the semiconducting system AgSbSe,-AgSbTe,- 
\gBiTe, have been determined. Complete series of solid solutions with the cubic struc- 
pseudo-quaternary system. The locus of temperatures and compositions for the 


order—disorder transition has been determined. Lattice constants as a function of composition for the 


cubic phase and thermoelectric-power data for some of the solid solutions are presented. 


INTRODUCTION 


It been shown"-2) that the high- 


has recently 


temperature form of AgBiSes (and confirmed for 


AgBiS2®) has a disordered NaCl-type structure. 
For the compounds AgSbSes and AgSbTee this 
structure persists down to room temperature." 
In the case of AgBiSeo, however, there is a transi- 
tion at 287°C to an ordered rhombohedral struc- 
ture'2) (space-group R3m), which on further cool- 

120°C transforms to a hexagonal struc- 
ture’) (space-group P3ml) that results from ad- 
The 


atter transition is easily reversible and is probably 


is¢ r 
G1itlorT 


ial slight displacements of the atoms 


+ 


he present work, we have found that the 


higher than first order. 


+ 
fe 


In 
high-temperature form of AgBiTes also has the 


disordered cubic structure. However, at room 


temperature a thermodynamically stable modifica- 
\oBiTes does not exist. Further- 


tion with formula z 


tT 


more, it has been shown by others that in the 
AgSbS2—-AgBiSe system a new compound occurs 
at the composition AgSbo.s33Bio.16752.\4) Because 
these 


to that of NaCl appear to be of significant scientific 


ternary compounds with a structure related 


and also potential practical interest, it was decided 
the SIX 
.:0wn in Fig. 1 with the purpose of learning more 


to investigate pseudo-binary systems 


sl 
about the thermodynamic and crystallographic re- 
lationships among the different phases, the effects 
of atomic size and metallic nature of the atoms 
upon the structures, and the possible formation of 


new phases in these systems. 
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EXPERIMENTAL AND DISCUSSION 
Each specimen was prepared by mixing the 
proper amounts of the constituent elements, plac- 
ing the mixture in a fused silica tube, evacuating, 
sealing off, and then heating to 1000°C. Differen- 
tial thermal analyses were made to determine the 
liquidus, solidus, and solid-state transformation 


temperatures. 





AgSb Te, 








Ag Bi AgBiTe, 


The six pseudo-binary studied. 


FIG systems 

X-ray powder photographs (CuK radiation, 
Norelco Straumanis-type cameras of 114-6 mm 
diameter) were taken of all samples. In the tables 
of X-ray data, unless otherwise noted, the data 
refer to as-cast samples. 

Samples that were water-quenched from high 
temperatures were sealed in evacuated Pyrex 
tubes. A quench was considered sufficiently rapid 
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when the tube shattered upon quenching. Anneal- 
ing experiments were also carried out on samples 
sealed in evacuated Pyrex tubes. 

For the sake of clarity, each binary system will 
be discussed separately. 


(a) The AgSbSe2-AgSbTege system 
The phase diagram of this system* (Fig. 2) con- 
tains a complete series of solid solutions with the 














| 
| 
| 
| 
| 
| 
| 








fe) 





fo) 50 
Ag SbSe, MOL. % Ag SbTe,—> 


Fic. 2. The AgSbSe,-AgSbTe, system. 


disordered NaCl-type structure, hereafter desig- 
nated the f phase. The liquidus and solidus curves 
show a tendency toward eutectic formation or 
separation of phases. The separation between the 
two curves is less than 10°C, indicating that the 
distribution coefficient of tellurium is not greatly 


* We have previously reported‘*) the melting points 
610° and 555°C for the two compounds respectively. 
These values, obtained by an ordinary thermal-analysis 
technique, are low because of supercooling. 
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different from unity.¢ The plot of lattice constant 
versus composition (Table 1 and Fig. 3) indicates 
that these solutions very nearly follow Vegard’s 
law. The small positive deviation from Vegard’s 
law is probably caused by a change in the nature 


6.10 














25 100 
AgSbSe, MOL. % AgSbTe, —> Ag SbTes 
Fic. 3. Lattice constants at 25°C for the cubic f phase in 
the AgSbSe,-AgSbTe, system. 


Table 1. Lattice constants at 25°C for the cubic B 


phase in the AgSbSes:-AgSbTe: system 


Composition (mol. per cent) ay (A(+0-003)) 


‘786 
‘$31* 
‘865* 
-940* 
‘013 
‘078 


AgSbSe, 
87°5 AgSbSe,-12°5 AgSbTe, 
75 AgSbSe,-25 AgSbTe, 

50 AgSbSe,-50 AgSbTe, 

25 AgSbSe,-75 AgSbTe, 
AgSbTe, 


uwuwwnui 


* The X-ray samples were annealed at 410°C for 8 days 
to sharpen the high-angle lines. 


+ The solidus temperatures were determined by com- 
paring the differential-analysis data with those of the 
ternary compounds, which, within experimental error, 
freeze isothermally. The high-angle line widths on 
X-ray patterns of some as-cast samples (Tables 4, 5, and 
6) are consistent with the amount of separation between 
liquidus and solidus curves. (This observation was made 
by C. D. THuRMOND.) The heats of fusion appear to be 
of the same order of magnitude as metals. There appear 
to be no phase equilibrium data available concerning the 
Ag»,Se-Sb,.Se;, AgoSe—Bi,Se;, Ags Te—Sb2T es, and Ag,Te 
Bi,Te, pseudo-binary systems. Our zone-refining and 
X-ray data to date indicate that the 1 : 1 compositions in 
the first three systems are stoichiometric compounds. 
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of the bonding when the more-metallic tellurium 

is added to AgSbSeo or the less-metallic selenium 
is added to AgSbTee 

As expected, no evidence of ordering above room 

temperature was observed. However, in deter- 

ions of the thermal e.m.f. of single-crystal 

AoeSbTes, AgSbSep.5Te1.5, and AgSb- 

170° to 127°C, 

— 4) ( 


gy process 


a heat effect was ob- 


which may be indicative of an 





Ag Sb Se, 


Fic. 4. The AgSbSe,-AgBiSe, system. 
(b) The AgSbSe2—-AgBiSee system 
A complete series of solid solutions having the 
structure this 
In cooling from the high- 


NaCl-type disordered exists in 
system also (Fig. 4) 
temperature (cubic) form of AgBiSeg, there is one 
thermal arrest at 287°C. At this temperature the 
transition is to an ordered rhombohedral struc- 


ture 2) (space-group R3m), which at about 120°C 


GELLER 


and K. E. BENSON 

transforms to a hexagonal structure (space-group 
P3ml), hereafter referred to as the « phase. The 
latter transition is almost surely of higher than 
first order; no heat effect is observed and the low- 
derived from the inter- 


temperature form 1S 


mediate form by only slight additional atomic dis- 
placements. @ 

The replacement of some bismuth by antimony 
stabilizes the high-temperature phase (8) of 
AgBiSeg. This may be attributed to a difference in 
atomic sizes") and/or to difference in the metallic 
nature, and therefore the bonding, of the atoms. 
Although the locus of temperatures which show the 
end of transformation of the solid solutions has not 
been determined, the two-phase area is probably 
small because the elapsed time, and therefore the 
temperature range over which the thermal arrest 
occurs, is small. 

The curve of lattice constants versus composi- 
tion for this system (Table 2 and Fig. 5) also devi- 
ates slightly from Vegard’s law, as is the case for 


~ Aco 
M o AED 


56, > AgBiSes 


Lattice constants at 25°C for the cubic / phase in 
the AgSbSe,-AgBiSe, system. 


Table 2. Lattice constants at 25°C for the cubic B 
phase in the AgSbSe2—-AgBiSeeg system 
ay (A 


Composition (mol. per cent) +-0-003)) 


‘786 
‘S01 
-8$10* 
‘882 
833 F 


AgSbSe, 
75 AgSbSe,-25 AgBiSe, 
50 AgSbSe,-50 AgBiSe, 
AgSbSe,-75 AgBiSe, 
AgBiSe, 


Uunuwuw ui 


annealed at 184°C for 


*The X-ray 


114 days to sharpen the high-angle lines. 


sample was 


+ The ay value reported here was obtained by extra- 
polation of the other data contained in this table. Samples 
quenched to obtain the high-temperature form showed 
lattice constant of 5-82+ 


broad high-angle lines. A 


0:02 A was obtained from such data. 
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the AgSbSe2-AgSbTez system, and probably for 
similar reasons. The small differences in lattice 
constant show that the antimony and bismuth 
atomic sizes do not differ very much (see also Ref. 


(c) The AgSb'Tes-AgBiTeg system 

The phase diagram of this system is shown in 
Fig. 6. Within experimental error, the liquidus 
and solidus curves coincide. The studies of this 
and the following (AgSbSe2-AgBiTeg) system 
have shown that there is no thermodynamically 
stable modification of AgBi'Tes which exists below 
the transition temperature. The transition tem- 
perature represents the point of decomposition 
of the high-temperature modification into Big Te3 
with some dissolved silver and probably a modifi- 
cation of AgeTe or some Ag—Te phase with per- 
haps some bismuth dissolved in it.* Thus, y 
designates a two-phase region. { 

If a AgBiTe2 sample is subjected to a sufficiently 
rapid quench from above the transition tempera- 
ture (Fig. 6), the disordered NaCl-type phase is 
obtained. In this case, however, the lines are very 
broad, indicating that the disordered phase tends to 
transform rapidly below the transition tempera- 
ture. If the quench is not rapid enough, the trigonal 
AgBiSe-type phase is obtained (lattice constants: 
a = 4-37+0-01 A, c = 20-76+0-05 A). In this 
system, this phase appears to be a transitory non 
equilibrium one, as shown by the following experi- 
ments. A sample of AgBiTez (decomposition pro- 
ducts) was held at 400°C for 3 hr and quenched in 
ice water. The quenched sample contained the 
original room-temperature phases. Another sample 
was held at 500°C for 4 hr, furnace cooled to 
400°C, held at this temperature for 1 hr, and then 


* Only in the zone-refined samples was the Ag—Te 


phase identified as the low-temperature modification of 


Ag.Te. The Ag—Te phase in as-cast samples was not 
identifiable. However, it has been reported that there 
are probably at least three Ag.Te phases. ‘®) 

+ Strictly speaking, because of this decomposition, one 
cannot at present refer to binary cuts involving AgBiTe, 
as truly pseudo-binary systems. A detailed study of the 
pseudo-binary Bi,Te,;-Ag,Te system is necessary in 
order to determine the relationship of AgBiTe, to its end 
members, Bi,T'e,; and Ag,Te. For the sake of simplicity 
we shall continue to refer to these systems as pseudo- 
binaries and the complete system as a pseudo-quaternary 


system. 


quenched in ice water. The powder photograph of 
this sample indicated the presence of the decom- 
position products. It appears, therefore, that the 
transitory phase is the route through which the 
decomposition occurs, though it is not itself an 
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25 50 75 
Ag Sb Te, MOL.% Ag Bile, —> 


Fic. 6. The AgSbTe,—AgBiTe, system. 


equilibrium phase on this phase diagram. A heat 
effect should be observed in the decomposition of 
the trigonal phase. ‘Thus, the transitory phase re- 
sults from the arresting of the decomposition. 
The X-ray photograph of an as-cast sample of 
AgSbo.125Bio.g75 Tes indicated that this material was 
also two-phase. The BigTe3 phase probably con- 
tained both silver and antimony dissolved in it. 
The X-ray photograph of a sample of AgSbo.25 
Big.75 Teg indicated the presence of some of the 
transitory phase along with the decomposition 
phases (y). Annealing the latter for 6 days at 340°C 
resulted in complete decomposition;-the BigTes 
phase in this case had smaller spacings than the 
same phase in the AgBiTe2 decomposition pro- 
ducts, indicating the solution of antimony. The 
X-ray pattern of a furnace-cooled sample of 
t It is, of course, possible that this phase is thermo- 


dynamically stable over a very narrow temperature 
range. 
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AgSbo.5Bio.5 Tes indicated only the presence of the 
x phase. Because of the comparatively low tem- 
perature at which the transition occurs for this 
composition, it may be that equilibrium is difficult 
to attain. Three months’ annealing of this sample 
at 152°C did not result in any decomposition. For 
this composition the AgBiSeo-type phase appears 
to be stable. The replacement of half the bismuth 
with the somewhat smaller antimony atom has re- 
sulted in the formation of a single phase, similar to 
the stabilization of the cubic phase with even 
ater amounts of antimony. The composition 
its of the x phase on this cut have not been 
ined, and no notation has been placed on 
diagram 

For the cubic phase, the lattice constant versus 


composition curve follows Vegard’s law (Table 3 








= 


7% AgBile, —> 


AgsB 
& 2 


ittice constants at 25°C for the cubic / phase in 

the AgSbTe,-AgBiTe, system 
and Fig. 7). Thus, in the high-temperature phase 
t is seen that the tellurium atoms are dominant in 
I of the 
hedra is probably not significantly 


determining bonding, i.e. the distortion 


[SbT« 6] octa 


Table 3. Lattice constants at 25°C for the cubic B 
phase in the AgSbTe2—-AgBiTes system 


ition (mol per cent) ay, (Al 0-003)) 


6-078 

6-094 

6-097* 
6-118* 
6°134* 
6-144 
6-150* 


\gBiTe, 6-155+ 


Quenched from 500°C; high-angle lines sharp. 


+ Extrapolated value obtained from these data 
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greater than that of the [BiTe¢] octahedra. This 
may be seen in another way. The sesquitellurides 
of antimony and bismuth are isostructural, where- 
as the sesquiselenides are not. Thus, the electronic 
and size differences of antimony and bismuth are 
dominant in determining bonding in the latter 
compounds.* It is noteworthy, however, that at 
room temperature AgSbTeg prefers the cubic dis- 
ordered configuration, whereas AgBiTe: does not 
form a thermodynamically stable phase. Thus, it 
appears that at lower temperatures, the electronic 
differences of the antimony and bismuth atoms 
play an important role in determining the stability 
of the two structures. 

The lattice constant of the quenched cubic 
phase of AgBiTeg is in some doubt. The value ob- 
tained by extrapolation in this system is 6-155 A. 
In all attempts to quench this phase, either a poor 
specimen was obtained giving the broad lines of the 
B phase and some of the « phase lines or a poor 
x phase with broad high-angle lines. It may be 
assumed that the quenching was not rapid enough. 
However, a sample annealed for 5 hr at 500°C 
under a vapor pressure of tellurium of 74, when 
rapidly quenched, gave the pure cubic phase with 
rather sharp lines out to high angles (some Kay, 
Kz resolution was observed). The pattern gave a 
lattice constant of 6-115 A, which is 0-040A 
smaller than the value 6-155 A obtained by extra- 
polation of the AgSbTe2—-AgBiTegs solid-solution 
data. However, the lattice constant of the 93-75 
mol. per cent AgBiTes—6-25 mol. per cent AgSbTee 
sample powder photograph with sharp 
high-angle lines and a lattice constant of 6-150 A 
(Table 3). Also, the AgSbSes-AgBiTes and 
AgBiSe2—-AgBiTeg systems indicate that the 6:155A 
value should be more nearly the correct value. 


Pave a 


(d) The AgSbSe2-AgBiTege system 

The diagram for this system is shown in Fig. 8. 
An X-ray photograph of a furnace-cooled sample 
of AgSbo.25Bio.75Seo.5Te1.5 showed the presence 
mainly of the 8 phase. Annealing of this sample for 
6 days at 300°C resulted in the complete conversion 
to the phases represented by y on the phase dia- 
gram. Based on the observed lattice constants of 


The sesquisulfides of antimony and bismuth are 
isostructural, and it appears that sulfur is dominant in 
determining bonding in these compounds. 
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the two phases, the BigTes phase appears to con- 
tain selenium and antimony in solid solution and 
the AgoTe phase primarily selenium in solid solu- 
tion. 
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Fic. 8. The AgSbSe,-AgBiTe, system. 


Table 4. Lattice constants at 25°C for the cubic B 
phase in the AgSbSes-AgBiTesg system 


Composition (mol. per cent) Lattice constant (A) 


5-786 +.0-003 
0-02* 
0-003 F 
0-02¢ 
-0-02§ 


100 AgSbSe, 
75 AgSbSe,-25 AgBiTe, 5-90 
Ae 


75 AgSbSe,.-25 AgBiTe, 883 
50 AgSbSe,-50 AgBiTe, 5-97 
50 AgSbSe,-50 AgBiTe, 5-98 
25 AgSbSe,.-75 AgBiTe, 06 +0-02§ 
AgBiTe, 6:155 +0-003 

(See Table 3) 


* As-cast sample; high-angle lines broad. This point 
not plotted. 

* Annealed 5 days at 575°C. 

{ High-angle lines broad. These limits are based on 
the line breadth. 

§ Quenched from 500°C; high-angle lines broad. 
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The lattice constants versus composition of the 
cubic 8 phase (Table 4 and Fig. 9) are not too 
accurate because the high-angle lines on some of 
the photographs were quite broad. Presumably 





6.20 








5.70 
.e) 25 50 


AgSb Se, MOL. % AgBiles —> 


Fic. 9. Lattice constants at 25°C for the cubic § phase in 
the AgSbSe,-AgBiTe, system. 


long-time annealing of the X-ray samples before 
furnace cooling or prior to quenching would result 
in sharpening the high-angle lines by removing 
inhomogeneities, as was the case for those samples 
intentionally treated in this manner. 


Table 5. Lattice constants at 25°C for the cubic B 
phase in the AgSb'Te2-AgBiSee system 


Composition (mol. per cent) Lattice constant (A) 


AgSbTe, 
AgSbTe,-25 AgBiSe, 
AgSbTe,-25 AgBiSe, ‘034 +0-003* 
AgSbTe,-25 AgBiSe, 034 -+0-003F 
AgSbTe,-50 AgBiSe, 5-97 +0-02t 
AgSbTe,-50 AgBiSe, 5-98 +0-02§ 
AgSbTe,-75 AgBiSe, -90 +0-028§ 

AgBiSe, 833 40-003 


‘078 +.0-003 
6-032 +0-003 


ms) vw 


NoOuwnn sl 


ul 


* Quenched from 500°C; high-angle lines sharp. 
ft Annealed 21 days at 152°C. 

{ High-angle lines broad. 

§ Quenched from 500°C; high-angle lines broad. 
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(e) The AgSbTes—-AgBiSee system 

The phase diagram for this system (Fig. 10) 
shows a minimum in the liquidus and solidus 
curves, indicating a tendency eutectic 
The « phase is a solid solution of 


toward 
formation 
AgSbTee in AgBiSeg. For this system also, some 





AgBi Se, 
Fic. 10. The AgSbTe,-AgBiSe, system 
of the X-ray data for the cubic phase (Table 5 and 
Fig. 11) are not very accurate because of the line 


broadness 


(f) The AgBiSes—AgBiTee system 


The phase diagram for this system is shown in 


Fig. 12. X-ray photographs of all furnace-cooled 
ingots containing less than 50 mol. per cent 
AgBiTee showed the presence only of « solid solu- 
tions. Furnace-cooled samples of AgBiSeTe and 
AgBiSeo.938Te)-062 showed the « solid solution in 


addition to BigTe3-type and Ag,Te-type phases. 
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SS a 
(e) 25 
Ag SbTes MOL 
Fic. 11. Lattice constants at 25°C for the cubic f phase in 
the AgSbTe,-AgBiSe, system. 


Annealing of the latter sample for 6 days at 200°C 
did not convert any of the phases. 

X-ray photographs of all furnace-cooled ingots, 
the compositions of which were 56-25 mol. per 
cent AgBiTee or greater, showed only the decom- 
position products solid solutions. Thus, the three- 
phase (%-+) region exists only over a narrow range 


of composition. 


16, > Ag Bi Te 


é 2 


. The AgBiSe,-AgBiTe, system. 
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Lattice constant versus composition data for the 
B phase solid solutions are given in Table 6 and 


Table 6. Lattice constants at 25°C for the cubic B 
phase in the AgBiSe:-AgBiTeg system 


Composition (mol. per cent) Qo (A) 


AgBiSe, 5-833 +0-003 
5 AgBiSe,-25 AgBiTe, 5-91 +0-02* 
AgBiSe,-50 AgBiTe, 6:00 +0-02* 
45 AgBiSe,-51-:55 AgBiTe, 6:004 +0-003 t 
46°85 AgBiSe,-53:15 AgBiTe, 6:00 +0-02* 
43°75 AgBiSe,-56:25 AgBiTe, 6:01 +0-02* 
25 AgBiSe.-75 AgBiTe, 6:09 +0-02* 
12:5 AgBiSe,-87°5 AgBiTe, 6:12-+0-02* 
AgBiTe, 67155 


(See Table 3) 


* Quenched from 500°C; high-angle lines broad. 


* Quenched from 500°C; high-angle lines sharp. 


Fig. 13. The lattice constants should not be con- 
sidered to be of high accuracy because the high- 
angle lines on most of the photographs were broad. 
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Fic. 13. Lattice constants at 25°C for the cubic 7 phase in 
the AgBiSe,-AgBiTe, system. 


FURTHER DISCUSSION 
The three-dimensional representation of the 
pseudoquaternary system is shown in Fig. 14. A 
wide range of single-phase solid solutions is pos- 
sible. Solid solutions are desirable for thermo- 
because of the 


electric-device applications 
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possibility of lower thermal conductivities, pro- 
vided that resistivities and thermoelectric powers 
are not altered significantly. Some of these multi- 
component solid solutions have an ordered struc- 
ture. Thus, various degrees of ordering and local 
elastic strains may be induced by suitable heat 
treatment. 





AgSbSe,-AgSbTe,-AgBiSe,-AgBiTe, 
system. 


Fic. 14. The 


We have determined thermoelectric powers 
against copper of a few p-type samples in the 
AgSbSe2-AgSbTeg system in the range of —170 
to 127°C. The thermoelectric powers are essenti- 
ally constant in this temperature range and in 
excess of 200 uV/°C ‘They are therefore compar- 
able with the values obtained for the conventional 
thermoelectric materials BioTes; and PbTe. 

No new quaternary phases have been found, as 
in the case of the AgSbS2-AgBiSe system. The 
results throughout are in accord with the con- 
clusions of our structural investigations. ®) Further 
fundamental investigations of these new com- 
pounds—thermal, electrical, and structural—are 
continuing. 
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THERMODYNAMICS OF THE Au-Pt SYSTEM 
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Abstract—The electronic, lattice, and mixing free energies are separated for the Au-—Pt system, 

and it is shown that the asymmetric segregation in this system can be ascribed to the filling of the 

d band at ~ 30 per cent gold. The value of the segregation potential 6R(V44+ Vee—2V a4pB)/k is 
derived as ~ 6090 cal/mole. 


In‘ a series of papers-5) the authors have shown thermodynamics of such a system was considered 
that the specific heat of many solids is separable and in particular that of the complementary system 
into its component parts—lattice, electronic, Au—Pt, which shows marked segregation. It is the 
magnetic, and order—disorder—and that certain purpose of this note to consider the component 
of these terms dominate in determining phase parts of the thermodynamics of the Au—Pt system. 
boundaries. In some recent work at this laboratory Fig. 1 is the observed phase diagram. The 
on segregation in the Cu-Ni alloy system, the important features are the segregation of the two 





l l 
s+ «« «4 2 « 
Cc Pt 
Fic. 1. Phase diagram of Pt—Au system.(*® Both phases are f.c.c. 
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ric. 2. 
Au-Pt system 


gents determine the 


phase boundaries. 


Pt 


Free energy per mole versus concentration for the 
at 800, 1000, and 1400°K. The common tan- 


Included are the 


variation of @ and y with concentration (solid lines) as well as 


the observed variation of 6 and y 


face-centered cubic phases and in particular the 
asymmetric segregation. The total free energy, G, 
of a homogeneous alloy system is taken as 
5-117 Y v(c)T* 

+-RA(c) — + 
x(c)+0-221 8 2 

+ RT{c ln c+(1—c) In(1—c)}+ 
+c¢(1—c)6R(V 44+ V pp—Z2) "AB) k— 

— RA{[3T/2—6(c)]}?+-(3/4)T?} 


Gc, T) 


for Cu-Ni (broken lines) 


where c is the concentration (in this case platinum); 
6 the Debye temperature; y the electronic specific 
heat coefficient; V44, Vgp, and V 4p the nearest- 


neighbor potentials, assumed independent of c¢, 
6/T. The first term above is an analytic 


and y 
Debye free-energy expression valid to within 1 per 
cent from y = 0-1 to 0-5, the second term arises 
from the zero point oscillations, the third term is 
the electronic contribution, the fourth term divided 


by 7 the entropy of mixing, the fifth term the 
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total heat of mixing,* and the sixth term is a 
correction of the Debye free-energy due to lattice 
expansion (A = 10-4). For this alloy system no 
data are available on the variation with concentra- 
tion of 6, y, and the enthalpy of mixing, and we 
have proceeded as follows. Firstly, as in the 
Cu-Ni system,?) we assumed @ to vary linearly 
from gold (6 = 164) to platinum (@ = 233) 
(Fig. 2). The @ values of copper and gold and of 
platinum and nickel are inversely proportional to 
the square root of their masses, indicating similar 
force constants. Secondly (as in the Cu-—Ni sys- 
tem)'’) we assumed y to be constant from c = 0-4 
to 1-0 and equal to the measured value for pure 
platinum 16-2 x 10-4 cal/mole/deg. At the maxima 
of the segregation region in the phase diagram, 
we expect 62G/éc2?=0 (T=1535°K and c=0-615) 
and this yields a value of 6R(V44+V g——2V 4p)/k 

6087 cal/mole (positive). In order to determine 
the value of y from c = 0 to c = 0-4, assuming 
that it varies smoothly from its value for pure 
gold (1-67 10-4 cal/mole/deg) to the value at 
c = 0-4, we plotted the free energy at J = 1000°K 
where the chemical potentials at c = 0-26; 0-97 
are equal and adjusted the y in the range up to 
c = 0-4 to yield this. The chosen variation of y 
with concentration is shown in Fig. 2, together 
with the measured values of y for Cu—Ni alloys. 
In both alloys the filling of the d band is clearly 





* The terms linear in c are neglected, since they do 
not affect the phase boundaries. 


shown with the rapid decrease in y, but appears 
to occur at lower concentrations in Au-Pt alloys. 
With this chosen variation of y(c) the free energies 
and the common tangents which determine the 
phase boundaries were determined at 800 and 
1400°K. They are shown in Fig. 2 and give good 
agreement with the observed phase diagram. 

From this analysis we have extracted the value 
of the segregation potential, as well as the neces- 
sary variation of y to give agreement with the 
observed phase diagram. In particular this system 
owes its asymmetric segregation curve to the filling 
of the d band. 

The Cu-—Ni system currently under investiga- 
tion appears to segregate, but with a much smaller 
segregation potential. 
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Abstract—In a three dimensional atomic lattice, occupied at random by atoms of more than one 


K1nd, 


that have the periodicity of a Bloch wave in the average. 


tion of their 


a complete set of approximate solutions of the one-electron Schrédinger equation is obtained 


Equations are given that permit the cal- 


energies, their average behavior, apart from a phase factor, near an atom of any 


type, and of a damping parameter for each wave. A correspondence is established between a random 


\—B lattice and 
problem 


yields the dispersion relation of the system. 


1. INTRODUCTION 
ExIsTING theories for electron states in a disordered 
alloy are very primitive compared to those for a 
The 


Wiener and Seitz method and the orthogonalized 


pure metal powerful methods, like the 


plane wave method, cannot be used, because they 
are based on Bloch’s theorem for electron states in 
a periodic potential. The purpose of this paper 1s to 
show that the calculations by means of inter- 
ference of freely travelling multipole waves and 
their scattering by the individual atoms, which 
is known to give exact results for a pure metal, °°) 
can in a good approximation be applied to alloys 
when use is made of a statistical generalization of 
Bloch’s theorem. 

The new element in our approach, as compared 
with various known treatments of a random one- 
dimensional latticeS) or of diluted alloys) is, that 
an attempt is being made to apply dispersion theory 
in a medium that is defined in statistical terms. 


2. QUASI PERIODIC WAVES 
Let a simple atomic lattice be occupied by atoms 
of type A and B in concentrations c, and Cp = 


the United States 


* This research was assisted by 


Atomic Energy Commission. 


a periodic lattice with a complex, energy dependent, potential. The eigenvalue 
in this potential, which can be solved with any of the known methods for a periodic poten- 


1—c, ina random distribution. Let V(X, Y, Z) be 
the effective potential for an electron in this lattice. 
We want to find an electron wave that has the 
symmetry of a Bloch wave with wave vector R in 
the statistical average, and that is an approximate 
solution of Schrédinger’s equation in this potential. 

To this end we divide the lattice into atomic 
polyhedra, to be called cells in the following. A 
cell 7 containing the lattice point R; will be called 
an A(B) cell when it is occupied by an A(B) atom. 
In any cell we will use Cartesian coordinates 
r(x, y, =) with the corresponding lattice point as 
origin. The potential in cell z is: 

V(r) = V(R;+1r). 

For the exact wave function ¢%;,(X, Y, Z) we write 
similarly in cell 2: 
y(R;+1). 

The potential in an A cell is in general quite 
different from the potential in a B cell. The poten- 


Yx"(1) 


tials in two A cells or two B cells show differences 
also, which are primarily due to differences in the 
distribution of atoms in the close vicinity. 

In a perfect A or B lattice a Bloch wave with 
wave vector k would satisfy the relation: 


Wx'(r) = Yx/(r) exp ik -(Rj—R,). (perfect lattice) (1) 
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In a random A-B lattice the phase factors in (1) as 
well as the local variations of %, its norm included, 
are disturbed. These two effects will tentatively be 
attributed to distinct properties of the configura- 
tion. Besides the large differences in cells of 
different type, smaller variations between the ¢/# in 
cells of the same type occur due to differences in 
the grouping of atoms in the close vicinity. On the 
other hand, the relation between the phases in 
different cells is influenced primarily by the group- 
ing of A and B atoms in the region “‘between”’ the 
two cells. With a proper choice of phases ¢; in the 
expression 


W'(1) 


one may therefore hope to ensure that the differ- 
ences between the functions u‘, to be called ampli- 
tude functions in the following, for cells of the 


u;"(r) exp(—tk- R;+7¢,) (2) 


same type, are entirely due to the local groupings 
of atoms. A mathematical definition of the phases 
di in (2) can be attempted from the requirement 
that the average of u,!(r) over all A cells, 


l 
uA(r u;(r), (3 
K(r) Ne, > (1) ) 


teA 


is a solution of Schrédinger’s equation in the aver- 
age potential 


with an eigenvalue parameter equal to the exact 
and unknown energy E(k) of the state W(X, Y, Z), 
and where, as an obvious requirement, the norm 
of uzA(r) in a cell should be the average of the 
norms of u,‘(r): 


[ | eye! 2dr. (4) 


cell AVCA icA cell 


Ftc dS 
| |apA|Pda 


Similar relations should hold for the 
uj,®(r) over all B-cells. We will assume in the 
following, without proof, that this can be achieved 
with a high degree of accuracy, but we have to 
contend with the possibility that the 4; may have 
small imaginary parts. As this is undesirable in the 
following, we will avoid such imaginary parts in ¢; 
by allowing the potential V4, in which uA must be 


average 
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a solution of Schrédinger’s equation, to have the 
more general average form: 


l 
VA(r) V(r) expp;, (5) 
N CA b 


where py are unknown small real quantities de- 
pending on the configuration. A justification of 
this procedure is given in the next section. 

Such a choice of the 4; thus enables one to cal- 
culate uA and u® for given VA and V®, provided 
boundary conditions on the cell surface can be 
specified that are characteristic for the periodicity 
k and for an ‘‘average’’ distribution of A and B 
atoms around any one cell. With the potential VA 
one can deal, in principle, by starting with the 
atomic potentials, taking into account an estimated 
charge transfer, and using the well-known iteration 
process aiming at self-consistency. The proper 
boundary conditions, on the other hand, can be 
obtained from the distribution of phases 4; 
throughout the lattice. ‘This will be shown, in an 
indirect manner, in Section 4. 


3. STATISTICAL DISTRIBUTION OF THE PHASES 

A basic property of the phases ¢; introduced in 
the previous section is that the average of ¢;—¢; 
over all pairs of A atoms in the lattice with fixed 


displacement R;—R; = Ri; 


is zero: 


and similarly for B. This property will be used as a 
definition of the pseudo-periodicity Rk, i.e., as a 
means to single out a state 4; from all other states 
yz. The individual phase differences for fixed Rj; 
will be treated as a random variable, to be des- 
cribed by a statistical distribution function f;;(¢). 
We will now derive an analytical expression for 
fi; for large Ri;, without considering in detail all 
possible atomic distributions. To this end we 
compare the differences between the phases in 
three lattice points, 7, j and n, for which Ri; = Rijn. 
Obviously one has 
$;—n = ($;—4;) + (4; —Gn). (7) 
By moving the point 7 through the random lattice, 
both terms in the right-hand side of (7) take on 





254 . 


different values with probabilities described by the 


distribution function fj;;. We assume now that the 


phase differences ¢i—¢; and ¢j;—¢y are un- 
correlated. This assumption, which is very im- 
portant for the following, is based on the qualita- 
tive notion that the phase differences for two lat- 
tice points can be attributed to the deviation of the 


actual distribution of atoms from that of a super- 


(if c, and cp have a simple ratio) in the 


en” the two points. This does not 
distribution of atoms on the line be- 


1, but rather to all atoms between 


tween 2 and 
planes through 7 and 7 perpendicular to R;;. This 


] | 1 f 
leads to statistical independence of ¢;—d; 


j 


and 
in the case that the points 7, 7 and n are on 

one line, and in that case only. 

From this assumption it follows that the variance 


of the distribution fj;, defined by 


satisfies the relation 
6:j°+ ojn" (Rj;||Rjn). (9) 


y, oj 1s a homogeneous function of 

degree in |X;—X,;|, | Y¥;—Y Zi—Zj|. 
Limiting ourselves to crystals with a high degree of 
symmetry, such as an FCC, BCC or HCP lattice, 
the possibility that o;;2 depends on the orientation 


of R; 


disregarded 


with respect to the crystalline axis can be 


This leads to: 


(10) 


where @ is the angle between the vectors k and Rj;. 


aR, ;F (6), 


From simple considerations about the scattering of 
a plane wave at randomly distributed scattering 
centers one can see that the errors in phase in a 
direction parallel and perpendicular to the wave 


are of the same order of magnitude, 1.e., 


F(2/2)/F (0) ((1). (11) 


As we have not solved the statistical problem of 
finding F(@), and an analytic expression for o;;? is 
required in the following, we will simply take as a 
1, so that we 


(12) 


where « is an unknown positive parameter which 


reasonable approximation F(@) = 


obtain 


KORRINGA 


depends on the wave vector k, the nature and the 
concentration of atoms A and B and on the lattice 
structure. 

According to equation (12) the random varia- 
tions in ¢;—dy; increase indefinitely with increas- 
ing R;;, but still they become small compared to 
the leading phase term k~+R;;. Therefore the 
overall character of the wave is preserved, and a 
corresponding preferred direction, characterized 
by k, prevails approximately in all cells. This re- 
sult is consistent with our assumption that the 
variations in the u! from cell to cell are small and 
local. 

Finally, using the Central Limit theorem of 
probability, one finds that for Rj; large compared 
with the lattice constant a, 6;—d¢;, being the sum 
of a large number of statistically independent 
random variables, approaches asymptotically a 
normal distribution: 


f;;(¢) . — exp(—¢?/20,;7) . (R,j/a 

0;j;V 2a 
As a reasonable approximation we will, in the 
following, apply equation (13) for all distances Rj; 
in the lattice. 

In contrast with this statistical distribution of 
¢;—¢;, which has a variance that increases as the 
square root of the distance, the quantities p; in- 
troduced in equation (5) will have only small 
fluctuations around the average value <p; 0, 
and the distribution function of pi—pj is in- 
dependent of the distance. ~;—j; represents the 
logarithmic ratio of the normalization constants of 
ws in different cells, and large statistical variations 
with the distance would imply that the average 
probability density of % over many cells could show 
large variations throughout the lattice, an ex- 
tremely unlikely situation in a random system. 
This supports our argument that the normalization 
constants are primarily connected with the group- 
ing of atoms in the vicinity. Thus, the quantities 
pi—py can be considered as being statistically 
independent of the phases ¢;—¢,, and as having a 
distribution function independent of Rj;. This is 
the reason why they can be used to eliminate 
possible imaginary parts in the ¢;. 


4. MULTIPOLE EXPANSION OF y 
In order to calculate the energy E(k), the stat- 
istical parameter «(k) and the average wave function 
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uzA(r) and u,B(r), we will now transform the 
exact Schrédinger equation by means of a multi- 
pole wave expansion. To this end we consider 
each atom 7 in the lattice as a center of outgoing 
multipole waves, travelling freely in a constant 
potential Vo, and having a fixed wave number ko 
and corresponding energy 


he 
—kp? ++ Vo. 


2m 


(14) 


Let a! = Gm‘ be the coefficient for the angular 
quantum numbers / and m of atom 7 in this ex- 
pansion. We use a vector notation for these coeffi- 
cients. The superposition, near an atom /, of these 
waves emerging from all other atoms can be ex- 
panded in free non-singular multipole waves with 
respect to this lattice point. The coefficients in this 
expansion, b/ = b/jm’, are linear combinations of 


the a‘, 
bi => Tai 
tsj 


where the elements I;’m’tm%* of the matrix [% 
depend on R;—R; and on E. A second set of 
linear relations between the a/ and b/, with fixed 
j, is obtained from the condition that the wave 
going out from atom j and the non-singular wave 
arriving at j satisfy the scattering problem of an 
electron with energy £ at a potential field equal to 
the lattice potential in the polyhedron 7 and em- 
bedded in the constant potential Vo. This leads, 
in general, to relations of the form: 


Ubi 


(15) 


ai z 


(16) 


where the matrix U/ depends on the shape of the 
cell, on the lattice potential inside the cell and on 
E. The requirement that the linear homogeneous 
equations 


(17) 


have a solution, yields the energy F of all the 
stationary states. 

The correctness of this procedure, for an ar- 
bitrary but fixed array of atoms, can best be seen 
from a limiting procedure.) We separate all the 
polyhedra by a simply connected region Q in 
which there is a constant potential Vo. A solution 
(a‘, b‘, E) of the above equations is analytic in Q, 
and its continuation inside all the cells satisfies 


¥(TH#—(UI)-8,,)at = 0 
t 
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Schrédinger’s equation. Subsequently we let Q go 
to zero. 

The equations (17) are of course quite useless 
unless there is a high degree of order. For a perfect 
atomic lattice solutions of the form 


a‘ = ajJexpitk - (Rj;—R,) (18) 


exist, for which the equation (17) for all 7 become 
equivalent. The lattice sums can be evaluated 
readily in this case, but even then a simplification 
of the scattering problem is highly desirable. It is 
customary to approximate the scattering potential 
by one of spherical symmetry, for which U be- 
comes a diagonal matrix. 

For the random A-B lattice we take an average of 
(17), for the A and B atoms respectively, seeking a 
solution with quasi periodicity k. Writing 

ai = aj exp(—ik - Rj+i¢;) (19) 


and summing over the A and B cells respectively, 


we obtain: 
sa (> +>) 


INCA \GjeA — feA’ 
tj ieB 


x expi[k - (Rj—R,)+4,—95] a 


and a similar equation for B. 
When the phases ¢; are chosen as stipulated 
earlier, we have: 


(20) 


-(UA)-1aA (21) 


where UA is the scattering matrix of the average 
A cell with a potential V4 given by equation (5), 
and where @4 are the multipole coefficients be- 
longing to the average amplitude function of wz in 
an A cell. In the right-hand member of (20), since 
T'Jt is a function of R;—R;, the double sums can be 
carried out for fixed R;—R; first. Then we have: 


— > 
N CA i,jeA 
R;—Rj=R, +90 


exp i(d,—d)) a! 


= ca (exp 1(¢;—9y) ) ava, (22) 


A 


because, as was discussed in Section 3, the varia- 
tions in ¢;—¢; are statistically independent of the 
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variations in @‘, the latter reflecting variations in 
the wave functions due to the local grouping of 


atoms. From (13) we obtain: 


exp 1(¢;—¢;) avy = exp —ah 


Inserting (21)-(23), equation (20) becomes: 


1g S I” exp(—ik - Ry» —aRn) xX 


R 0 


(24) 


x (c,aA+cpa), 


where the sum now extends over all lattice points 
except Re 


a® the right-hand member is identical with that 


(). In the corresponding equation for 
in equation (24). From this we obtain: 
(UB)-1@b 


(UA)-1@A (25) 


1, writing 


(cal \+cpl B) Y 
S Prexp(—ik- Rn—2R,)|y. (28) 
R 0 


final general 
28) and the 


Equations (25)-(28) are our 
The 
corresponding equation for a perfect lattice is two- 
fold: 
its average for the two types of atoms, and the 


1 


equations difference between 


the scattering matrix U has been replaced by 


summand in the right-hand side has an extra 


factor exp-%R,. It is significant that these changes 
0) the 


determinant Y of equation (28) would no longer 


occur in combination, because with « 
have zero points for real values of the energy F or 
number ko 
DG 0 one can calculate, for given UA and UB, 
both real parameters E(k) and «(k). By varying R, 


wave In fact, from the equation 


equation (28) thus gives the energy in each band, 
together with, for every state, the parameter «, 
which represents obviously a kind of damping of 
the wave. As stated before, the potentials VA and 
V8, and thereby the scattering matrices UA and 


U8, can be obtained in principle from a self- 
consistency requirement, although this is a very 
involved procedure. This is the reason that the 
random variables p;, introduced with equation (5), 
no longer appear in our final equations. 

The orthogonality of states 4; with different R is 
obvious. Different states with the same R corres- 
pond to different bands in the solid. Small non- 
orthogonality terms between them may have been 
produced by our approximations. We have not 
verified this point 
5. APPROXIMATE EVALUATION OF THE LAT- 

TICE SUMS 

As is well known, the lattice sums appearing in 
equation (28) can be obtained from the sum 
S(x, y, 2) 
exp(—7k - R, —2R,—1ko| Rn—t|) 

iko|R»—?r 


(29) 


~ 


R 0 


We have indeed (cf. Ref. 1): 
mexp(—ik « R,—aRp) 


(l—|m|)! 
—1)™(2]+-1)e» x 
(/+-|m!|)! 
x [(Pi”™ OmPr'™ Qm’)opS(1)]-0 
and where 


where eo 1, mn 2(m ()), 


C 
Cthoz 
( ( 
(Om)op = YVm| ——, — 
Cikox Ctkoy 
P,(«) is the associated Legendre polynomial: 
d m 


Pi(q), 


P; MG) 
dg me 


Re(p+ig)” (m= >0) 
Im(p+7q)™ (m <0). 


On(P; 9) 
On(P; 4) 


The methods by means of which S(x 0) can 


be transformed into a rapidly converging sum are 
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not easily generalized to the case « + 0. Therefore 
we will resort to the approximation: 


“ 
ko 3 


R, ~¢ 


exp[—ik « Rn—ix|Rn—1| | 
. ix|Ryp—r| 


where 
Kk = ko—10. 


This gives correctly the contributions for large 
Rn», for all l’m'lm. The terms for smaller Rp, in 
which errors occur which are small if « < ko, were 
uncertain already due to the approximations in the 
statistical treatment of the phases. 5; is, apart from 
the factor «/ko, the same as the sum S for a perfect 
lattice, with « replacing ko. ‘This result, which 
could have been anticipated, shows that the 
randomness in the lattice causes an effective damp- 
ing of the multipole waves in their transmission 
through the crystal. Apart from the factor «/Ro, 
the equation 7 = 0 becomes an eigenvalue equa- 
tion for a complex “energy”. 
h? 
K+ Vo, 


2m 


(36) 


where 


h? 
how <u. 
m 


Im(£’) (37) 
Our calculations do not suggest that an exact treat- 
ment of the phase differences for smaller distances 
would substantiate this picture, although this is 
certainly not excluded. 

For actual calculations with equation (28) it will 
be necessary to simplify the scattering problem, as 
is also done for pure metals, by taking a spherically 
symmetrical scattering potential. Then we have 
(cf. Ref. 1): 


U4 3 1— exp(—2zn4)} 6; 1mm (38) 


where 7/4 is the “‘atomic”’ scattering phase of order 
l for the average, spherically symmetric potential in 


an A cell. 


6. EQUIVALENCE WITH A PERIODIC COMPLEX 
POTENTIAL 


The analogy with a perfect lattice can be pushed 
further if one constructs a complex potential for an 
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“average” atom for which the scattering matrix is: 


Vet = (1 —1/ko)(caUA+cpU®), (39) 


With this potential, which is energy dependant, 
the problem becomes identical with that for a 
perfect lattice, but with the understanding that the 
energy is complex. This opens the possibility of 
returning to the Wigner and Seitz cell method, or 
to any other method valid for a periodic lattice. 
For example, applying the well-known cell bound- 
ary conditions corresponding to a periodicity k, 
one can derive E’(k) from which the energy E(k) 
and «(k) follow. For the corresponding wave func- 
tion, X; we have from (27): 


Xp = cauzA+cpu;2, (40) 


but in order to calculate the amplitude functions 
ux,“ and uz® separately, one has to use equation 
(26), expressing the fact that the regular waves, 
corresponding to the wave function in an average 
A and an average B cell, are identical. The normal- 
ization follows from: 


CA ujA|2dr+cp uj-2 2dr 
cell cell 


This solves the problem, at least in principle. 

It is perhaps of interest to observe that the effec- 
tive potential V.,, corresponding to (39) becomes 
real in the Born approximation. One sees this most 
easily from the spherical approximation: when 
ni < 1, (38) gives 


(1 —71x/ko) 1 Uen~3[1 —exp{—2i(cam’+cpyr®)}] x 


X 01 Omm’s (nr4 < i? nr? - 1). (42) 


The potential that gives the phases ¢,n)+¢py1 is 
equal to c,\VA+c,V ® because, in this approxima- 
tion, the 7; are equal to the matrix elements of the 
potential with respect to the incoming wave. The 
parameter « vanishes in this approximation, 
because with a real potential the equations have a 


solution « = 0. 


7. DISCUSSION 
The relatively simple results which we propose 
to use for the calculation of electron states in alloys 
have been obtained at the expense of many 
assumptions and approximations. It seems to us 
that the final results, as formulated in Section 6, 
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justify the means, at least when c, and cy are of the 
same order of magnitude, and that further theoret- 
ical work should be aimed at a more rigorous and 
less intuitive derivation. The vanishing of « in the 
30rn approximation corresponds to the fact that the 
resistance is proportional to the square of the 
scattering matrix element. It is obvious that a large 
ue of », indicating a resonance, will give a 

of the wave in proportion to 
The value of « for states near 


“damping” 


the concentration. 


Alit 


the Fermi level is of course a measure for the re- 


ity, and so our result corresponds to the well- 
that a resonance near the Fermi level 
anomalously large atomic resistivity 
ase. The question whether our formulas are 
for very low concentrations of an impurity 
requires a further investigation. Good approxima- 
tions are available for this case) because the close 
surroundings of all impurity atoms are identical. 
For applications to the calculation of the binding 
energy of alloys one must keep in mind that we 
have dealt only with the electronic contributions. 
All the difficulties connected with the interaction 


between ionic cores and with lattice strain remain. 
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Finally, we wish to point out that our results, 
though derived for electron waves in a lattice, can 
without difficulty be adapted to the treatment of 


electromagnetic and neutron waves. 
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Abstract—The electrical resistivity and superconductivity of a series of « (orthorhombic) and 
quenched y (body-centered cubic) binary alloys of uranium with niobium and molybdenum were 
investigated at temperatures down to 1°K. Anomalous resistivity behavior occurs in both types of 
structure. The y- alloys are particularly unusual in possessing a negative temperature coefficient from 
room temperature down to the superconducting transition point. Both systems exhibit supercon- 
ducting transitions, the y-alloys in the vicinity of 2°K and the «-alloys closer to 1°K. Some success 
was achieved in a qualitative interpretation of the resistive and superconductive properties of the 
alloys in terms of a hypothetical band structure of uranium. 

Ten intermetallic compounds of uranium were also tested for superconductivity down to about 
1°K. Four new superconductors were discovered: UCo (1-70°K), UgsMn (2:32°K), U,Fe (3-86°K) 
and U,Co (2:29°K). The last three compounds are isomorphous and include the first superconduct- 
ing compounds of manganese and iron. 


1, INTRODUCTION ideal superconducting behavior were obtained for 


THE use of uranium and its alloys as nuclear re- 
actor fuel elements has led to extensive work on the 
metallurgy of these materials. However, only 
limited research has been carried out on the elec- 
trical properties of the alloys, particularly at low 
temperatures. Studies of the electrical resistance 
and superconductivity of uranium itself are re- 
reviewed by Katz and RasinowitTcu.") These 
experiments were hampered by difficulties of 
purifying the metal and by annealing problems 
originating in the transformations between various 
allotropic modifications (Table 1). Superconduct- 
ing transition temperatures ranging from 13° K to 
0-68°K were reported by several observers,?-?) 
although broad transitions characteristic of non- 


Table 1. Allotropic modifications of uranium 


Phase Temperature range Crystal structure 
Up to 662°C 
662°-769°C 


769°C-~1129°C (m.p.) 


Orthorhombic 
‘Tetragonal 
Body-centered cubic 


all the samples investigated. 

The phase diagrams of a large number of binary 
uranium alloys were described at the Geneva Con- 
ference,*-9) with references to internal reports 
in which most of the original work appeared. 
Amongst these alloys there is an important group 
characterized by extensive solubility at high tem- 
peratures, but with no true intermetallic com- 


pounds. In this group the second element, for 


example, titanium, zirconium, niobium or molyb- 
denum, itself possesses a cubic modification. In 
each alloy system there is a range of composition in 
which the high temperature cubic or y-phase may 
be retained at room temperature by quenching. 
The £-phase is suppressed for all but the lowest 
concentrations. 

Recently, the effect of neutron irradiation on the 
electrical resistance of some alloys of this type was 
studied by BLEIBERG, JONES and Lustrman."?) 
Apart from irradiation results, these experiments 
demonstrated that the electrical resistance of the 
quenched y-phase in the niobium and molybdenum 
alloys rises appreciably on cooling from room 
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temperature to 78° K, an unusual effect for metallic 
alloys. One of the initial objectives of the present 
work was to extend measurements on the y-phase 
down to very low temperatures, in order to deter- 
mine whether the resistivity would continue to rise. 
Although this proved to be the case over most of 
the temperature range, the y-phase alloys became 
superconducting in the liquid-helium region, 
which is somewhat surprising in view of their re- 
markable resistivity behavior. It will be shown later 
that some understanding of the electronic struc- 
ture of both the «- and y-phase alloys may be ob- 


conductivity data 
Another grou 
d by the formation of one or more distinct inter- 


of uranium alloys is character- 


1 


metallic compounds, for example with aluminum, 
-, ron, cobalt and nickel. ‘These systems 

illy exhibit limited solid solubility in each of 
the terminal phases. In continuation of a general 


investigation of the occurrence of superconduc- 
tivity in compounds, “!!+! 


2) many of these uranium 
compounds were tested for superconductivity by a 
Unfortunately, 


magnetic method down to 1°K 


most of these materials were available only in 


powder or chip form, which did not permit sup- 


porting electrical resistance data to be obtained. 


several interesting new superconductors 


However, 
were discovered, including the first compounds of 


ye for manganese and iron. In the present 


t 
Jt 


hese results are discussed in the light of 


iriCal ruies IOr he existe ; E. A= 
yirical rules for tl xistence of super 
12 


ity proposed by MATTHIAS 


] + + url 1. | 
amples \ in the form of cylindrical rods 
, , 1 
induction-melted ingots, with the alloy 
r from 0 to 3 per cent otf niob- 


ig f 

Each of the samples was held at 
in an atmosphere of h 
This heat 


y-phase. The 


and 


elium gas, 


idly quenched in water. treatment 


homogenizes all the alloys in the sub- 


quent quenching produces the following results: 


Uranium-—molybdenum alloys: In the range 0 to about 
at. per cent Mo, the alloys undergo a martensitic 

ion to a base-centered orthorhombic phase 
and for 
Above 


“%-uranium,'* con- 


is very similar to 
venience we shall refer to these as the «-alloys. 
15 at. per cent Mo, the y-phase is retained on quenching 


i a 


7 -all VS 


ind we shall call these the 


Uranium-niobium alloys: The situation here is exactly 
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similar to that described above, with the «—y boundary 
also in the region of about 15 at. per cent Nb. 

It should be pointed out that the above is a simplified 
description of what actually occurs. In a narrow com- 
position range close to the «—y boundary, the quenching 
will certainly result in a two-phase alloy. But this will 
not affect our considerations, since we shall not be con- 
cerned with the behavior of the alloys in this region, but 
rather where they are certainly in the «- or y-phase. 

All of the uranium compounds studied in this work 
methods.) The 
intermetallic compounds supplied by 
Westinghouse Atomic Power Department as a number 


were prepared by well-established 


were mainly 


of small irregular fragments. 


2.2. Electrical resistivity determination 


Resistivities were measured by a conventional current— 
potential method. Two samples were mounted for this 
purpose inside a cryostat which permitted their tempera- 
ture to be held constant at any point between 4:2°K and 
room temperature. The temperature was measured by 
a copper-constantan had been 
separately calibrated against a standard platinum re- 


thermocouple, which 


sistance thermometer 








Resistivity (micro-ohm cm:) 





22-2 % 


100 200 300 
Temperature ,°K 











Fic. 1. Resistivity vs. temperature for some typical y- 
phase alloys of uranium. (Each curve is based upon 
about 30 experimental points.) 
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Table 2. Resistivity in wohm cm as a function of temperature for the «-phase alloys 


Temperature Pure U 


U 9:6% Nb 


U+ 
14:1% Nb 


U4 


th 5s 1:6% Mo 


| 
J U 
| 
| 








47°72 
34-68 
26°52 


29-09 
10-11 
3-86 


2.3. Superconductivity tests 

The samples were tested for superconductivity by a 
magnetic method using an apparatus which has been 
described elsewhere."'?) A measuring field of about 5 
oersteds was employed and it is believed that the shift in 
T- due to the finite field did not exceed 2 per cent (see 
equation (1), references 12). In most samples this was 
considerably less than the breadth of the transition due 
to metallurgical imperfections such as strain and in- 
homogeneity. 
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G% Niobium 
Fic. 2. Resistivity vs. composition for U-—Nb alloys at 
three different temperatures. (The 4:2°K points are 
essentially coincident with the 77°K points in the y 
region and are therefore omitted.) 


3. RESULTS 
3.1. Resistivity data for uranium alloys 
The temperature dependence of the electrical 
resistivity from room temperature down to 4:2°K 
for some typical y-phase alloys in the U-Mo and 
U-Nb systems is shown in Fig. 1. Results for 


64-98 
73-90 
71-14 


4-phase samples in the same temperature range are 
summarized in Table 2. Curves for the change of 
resistivity with composition at constant tempera- 
ture are shown in Figs. 2 and 3. 

The resistivity curves exhibit a number of 
striking deviations from the behavior usually 
found in metallic alloys. The following features are 
considered significant: 
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oO 
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Resistivity (micro - ohm cm.) 


nN 
oO 








10 20 30 


% Molybdenum 
Fic. 3. Resistivity vs. composition for U—Mo alloys at 
three different temperatures. (Most of the 4:2°K points 
are essentially coincident with the 77°K points in the y 
region and are therefore omitted.) 


(1) The resistivities in the y-phase are high and 
increase monotonically with decreasing tempera- 
ture, flattening out as the liquid helium region is 
approached. 

(2) The resistivities in the «-phase show a more 
normal temperature dependence (‘Table 2), but the 
dependence on concentration is anomalous. ‘Thus, 
Figs. 2 and 3 indicate that p is not a linear function 
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of c, as might be expected for a solid-solution alloy 


at these concentrations. 
2 


(3) The transition from the «- to the y-phase is 
accompanied by little change in p, but an abrupt 
change in (Cp/C¢ ir 

(4) (Cp/0c) at 4-2 K for the «-molybdenum alloys 
is appreciably greater than that for the « niobium 


alloys 


The negative slope of the resistivity-tempera- 
re curve confirms the work of BLEIBERG et al.“0) 
violates the rules of normal alloy behavior. 
le many examples of a negative temperature 
of resistance are reported in the litera- 
these are usually associated with transitory 

ts such as the annealing out of imperfections 
or with crystal structure changes and Curie points. 
An exception is of course the well-known low tem- 
perature resistance minimum in dilute alloys. In 
the present case the negative slope is definitely 
ited with 


associated a single phase system over the 
temperature range of the measurements, granting 
that the system is a quenched, metastable alloy. 
Behavior resembling that of the present uranium 
alloys has been observed in the titanium-—niobium 
McQuIiian, | 


rZEN et al.“6) and in 


system by AMEs and in the titan- 
ium—vanadium system by Bro 
the titanium—molybdenum system by YosHIDA and 
7) although in none of these cases were 


l Ww 


Tsvya, 


temperatures bi 78K explored. In the last- 


mentioned experiments a resistivity maximum was 


actually observed at certain compositions. For 


these three systems the negative slope occurs for 
titanium rich alloys in which a £- (body-centered 
cubic) phase is retained by quenching in a fashion 

the y-phase retention procedure for the 
yys. It seems likely that the mechanism 


similar 
uranium all 
of the anomalous resistivity has the same origin 


in both titanium and uranium alloys. 


3.2. Superconducting tests on uranium alloys 

oth «- and y-phase alloys in the uranium- 
molybdenum and uranium-niobium systems were 
tested for superconductivity down to temperatures 
just below 1-0°K. Most of the samples became 
superconducting, with fairly sharp transitions, 
even in the case of the quenched y-phase samples. 
A few typical transition curves for «- and y-U-—Mo 
alloys obtained by measuring the change of induc- 
tion due to reversal of a field of 5 oersteds are 
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shown in Fig. 4. For these samples the effective 
permeability in the superconducting state is rather 
high owing to the large gap between the specimen 
and the detector coil. However, the permeability 
values are in all cases consistent with complete 
superconductivity in the sample material. The 
transition curves for the «- and y-U-—Nb alloys are 
very similar to those shown in Fig. 4. 




















Fic. 4. Effective permeability vs. temperature curves for 
typical «- and y-molybdenum alloys, showing the onset of 
superconductivity (measuring field 5 oersteds). 


Efforts were made to obtain critical field data for 
the samples, since the density of states at the Fermi 
surface can be derived from the slope of the critical 
field curve. Unfortunately, all of the samples ex- 
hibited quite broad magnetic field transitions, 
typified by that for the U+28-0 at. per cent 
molybdenum alloy in Fig. 5, and reliable H; values 
could not be obtained. In observations published 
since our work was done, BERLINCOURT"®) re- 
ported that a field of about 30,000 oersteds was re- 
quired to restore the electrical resistivity of a 








: 200 
d (oersteds) 
Fic. 5. Change of induction vs. change of field, showing 
the long drawn out transition to the normal state for 
U+28-0 at. per cent Mo. 
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Fic. 6. Superconducting transition temperature vs. 
composition, U-—Nb alloys. (The vertical broken line 
approximately separates the « and y regions.) 


y-phase U-Mo alloy at 1-2°K. This high field is 
probably attributable to the very broad nature of 
the magnetic field transitions and the well-known 
alloy behavior that superconducting filaments may 
exist at fields well above the true critical field. 
Figs. 6 and 7 show the variation of transition 
temperature with composition for both alloy 
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Fic. 7. Superconducting transition temperature vs. 

composition, U—Mo alloys. (The vertical broken line 
approximately separates the « and y regions.) 
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systems. The fairly sharp discontinuity in T, 
between the «- and y-phase regions is well brought 
out by these curves. A further point of interest is 
that from Fig. 6 and less unequivocally from Fig. 7 
we can get an extrapolated transition temperature 
for body-centered cubic uranium of about 1-8°K. 
Pure uranium of course does not exist at low tem- 
peratures in the cubic phase, and the value of 
1-8°K represents a hypothetical transition tem- 
perature belonging to uranium in the body- 
centered cubic phase. The transition temperature 
for pure «-uranium can be obtained by extra- 
polating the curves for the «-alloys below the range 
of our measurements. This yields a 7, value of 
0-7°K, in reasonable agreement with the measure- 
ments of HEIN et al.) 

Figs. 6 and 7 also indicate that the value of 
dT./dc, where T; is the transition temperature and 
c the concentration of alloying element, is greater 
for the «-U-—Mo alloys than for the «-U-—Nb 
alloys. There is an interesting parallel between this 
and the behavior of Qpo/dc for these two alloy 
systems, which was mentioned in the previous 
section. This similarity in behavior will shortly be 
discussed in terms of a proposed model of the 
of the electronic structure of the two alloy systems. 

In the uranium-zirconium system it has been 
reported 19) that a body-centered cubic 6-phase is 
formed by an ordering reaction upon prolonged 
annealing. Thus, uranium alloys containing 40, 50, 
60, 65, and 70 per cent by weight of zirconium 
were tested for superconductivity down to 1-08°K. 
In contrast to the y-phase alloys, these specimens 
were normal over the whole range of measurement. 

The addition of chromium to uranium tends to 
stabilize the B-phase,) at least for atomic per- 
centages in excess of one. Samples containing 0-3 
and 0-6 at. per cent of chromium were tested for 
superconductivity down to 1-08°K. These samples 
consisted of mixtures of the «- and f-phases. The 
lower percentage sample showed a trace of super- 
conductivity (about 20 per cent effect) close to the 
lowest temperature of measurement, whereas the 
0-6 per cent sample was completely normal. It 
seems probable that the superconductivity be- 
havior was due to the predominant «-phase pre- 
sent in the 0-3 per cent sample. 


3.3. Superconducting tests on uranium compounds 


No superconducting compounds of uranium 
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have previously been reported. In earlier work 2) 
we tested the compounds UC and UN, which ap- 
peared to be favorable to superconductivity on 
account of their NaCl type structure (isomorphous 
with NbN). However, both these compounds re- 


mained normal down to 1:2°>K 


Table Uranium compounds tested for super- 


conductivity 


Structure type Behavior 
distorted CsCl 
(U,Mn 
(U,Mn 
(U,Mn 
tet (T - Mn) 
mplex, unknown 
(MgCu,) 
(AIB,) 
(MgCu, 


t 


ZZZAZAZAZAADRYE 


present experiments ten intermetallic 


compounds were tested for superconductivity 


down to about 1-1°K, with the results shown in 


Table 3 


superconductors, 


Che transition curves for the four new 
UCo, UgMn, UgFe and U¢Co, 


are shown in Fig. 8. In some instances the effective 


) 











empner . 


-ffective permeability vs. temperature for four 


compounds, showing the onset of super- 


‘ 
(measuring field 5 oersteds) 


conductivity 
permeability in the superconducting region is 
rather high owing to poor filling of the test coil, but 
the data obtained for these four samples are con- 
sistent with complete superconductivity in the 


specimen material. For materials of this type the 
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transitions are comparatively sharp and are in- 
dicative of fairly good homogeneity of composition. 


4. DISCUSSION 

4.1. The electrical resistivity of the alloys 

The electronic configuration of the free uranium 
atom has been variously reported 9-21) as 5f% 6d! 
7s2 and 6d4 7s2. In either case, it seems reasonable 
to assume that the electrons in uranium metal lie 
in two overlapping bands, after the model for 
transition metals proposed by Morr.22) The Fermi 
surface would be shared between a low, broad s- 
band and an overlapping band, which we shall for 
convenience label the d-band, with a high density of 
states Ny(f), where { is the Fermi energy. This 
certainly is a great simplification of the real state of 
affairs, but an inspection of the curve of density of 
states vs. energy for transition metals for which 
been made, for example 


computations have 


makes the above model plausible. 


tungsten, ‘23 

The electric current is believed to be carried 
mainly by the s-electrons, since the d-electrons are 
more tightly bound to the ion cores. The s- 
electrons can be scattered into either the s-band or 
the d-band, and the relaxation time 7, turns out to 
be determined primarily by the density of states 
Na(%) in the d-band, and is inversely proportional 
to it. In a recent discussion of these matters, H. 
Jones'24) concludes that: 

(1) The resistivity is approximately proportional 
to the density of states in the d-band at the Fermi 
surface, and hence a large value of Nq() implies, 
ceteris paribus, a high resistivity. 

(2) If, in addition, the slope of the Nqa(£) vs. E 
curve is large at E ¢, the dependence of Fermi 
energy on temperature must be taken into account, 
and it may be shown that the electrical resistivity p 


is given by 
oT) 
1 dNa\? 
Na dE Pe 


p(Co, 7 )x 
1 d*Nq l 
: a ’ 
Na dE2 Jp-¢, 
(1) 
where fo is the Fermi energy at the absolute zero. 
If we assume that uranium has a high density of 
the which also varies 
rapidly with energy (i.e., large dNq/dE at E t), 
then the above equation explains not only the high 


states at Fermi surface 
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room temperature value of resistivity for pure 
uranium but also the experimental fact that at 
higher temperatures the resistivity is not pro- 
portional to 7. Equation (1) predicts resistivity 
values lower than those which would be expected 
for simple proportionality to absolute tempera- 
tures, and this effect has been observed for several 
transition metals. 

For alloys the resistivity is due to scattering of 
electrons both by lattice vibrations and by solute 
atoms. We make the simplifying assumption that 
these two resistivities are additive, and denote 
them respectively by pr and po. We note that, in 
contrast to the behavior of the alloys of the noble 
metals po is also dependent on temperature via its 
dependence on N@(¢); its value should be given by 
the right-hand side of equation (1) with po( fo) sub- 
stituted for p(fo, 7). In this case po( fo), the limit- 
ing value of po(¢) as JT tends to zero, may be re- 
presented according to the theory of the resistivity 
of random solid solutions ®@®) in the form 


po(lo) ~ Na(So)  e(1 —¢) (2) 


where c is the solute atom concentration. The net 
result is a total resistivity consisting of a “residual 
component” po which decreases with increasing 
temperature (for a given concentration) and a lat- 
tice vibration component pz which increases with 
increasing temperature, although more slowly than 
the usual proportionality to 7’. 

The above picture allows a qualitative under- 
standing of a number of features of the «- and y- 
resistivity curves. One of these is the deviation from 
Matthiessen’s rule in the «-region shown by the 
data of Table 2. Close inspection indicates that the 
additional resistivity due to a given amount of 
molybdenum or niobium decreases markedly with 
increasing temperature, as predicted by equation 
(1). A second prediction from the model is that for 
solute concentrations sufficiently large for po to 
dominate p7, the total resistivity should decrease 
with increasing temperature, as is found in the 
y-region (Fig. 1). It should be remarked that the 
application of this model is by no means new, since 
Morr?) has used it to explain the very small tem- 
perature coefficient of resistance of constantan, a 
copper-nickel alloy. The present case, however, 
appears to provide a test of the theory under a 
somewhat wider range of conditions. 

Considering now the dependence of resistivity 


s 


on concentration, it is obvious from Figs. 2 and 3 
that po(¢o) measured at 4-2°K is not proportional 
to c(l—c), as would be expected from pro- 
portionality (2) if Na( fo) was independent of con- 
centration. Instead the resistivity curve turns up- 
wards quite steeply in the «-region and is practic- 
ally horizontal in the y-region. This suggests that 
with increasing concentration the density of states 
rises in the «-region and falls off again in the y- 
region. Since the «-molybdenum resistivity curve 
climbs more rapidly than the «-niobium resistivity 
curve, evidently there is a more rapid increase 
of Na(fo) in the molybdenum case than in the 
niobium case. It will shortly be seen that the 
superconductivity results are also in accord with 
the density of states variation postulated here. 

While the above model seems to provide a con- 
sistent picture of the behavior of pure uranium and 
the «- and y-alloys,other theoretical proposals have 
been advanced to explain some of the anomalous 
resistivity results. According to FRIEDEL,'6) the 
deviation of the resistivity of «-uranium from pro- 
portionality to 7 at high temperatures is due to a 
weakening of certain covalent bonds in the metal, 
which permits certain planes of atoms to approach 
closer and become more strongly bound among 
themselves. The net result is an increase in the 
Debye © with increasing temperature. Since © 
appears in the denominator of the expression for 
the electrical resistivity, the resistivity is lowered. 
This model does not appear to explain the ano- 
malous behavior of either the «- or y-alloys. 

Co.es®”) has recently suggested that the nega- 
tive temperature coefficient of resistivity observed 
for the retained b.c.c. phase in the titanium— 
niobium system is due to scattering from electron 
spin disorder. If this is true, the same mechanism 
would probably operate in the y-uranium alloys. 
However, the theory of this effect has not been 
worked out in detail. 


4.2. The superconducting alloys 

Present theories of superconductivity throw little 
light on the problem of the influence of crystal 
structure on superconductivity, even though there 
is little doubt that for a phenomenon so sensitive 
to changes of electronic structure, the lattice 
arrangement plays a vital role. One approach to this 
problem is to compare the superconducting pro- 
perties of a material existing in two allotropic 
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modifications, both of which can be retained at 
low temperatures. Amongst the elements, only 
lanthanum exhibits two such modifications which 
are also superconducting at low temperatures. @8) 
The f.c.c. phase of lanthanum has a transition at 
5-95°K, while the hexagonal phase transition is 
close to 5-0°K 

For uranium only the «-phase is stable at low 
temperatures, but the f- and y-phases may be 


the addition of various other ele- 


stabilized by 
ments. In our experiments, extrapolation to zero 
impurity content yielded a transition temperature 
of about 1-8°K for the pure y-phase, in contrast to 
0-68°K for the «-phase 

An empirical formula due to Matruias"®) gives 
the superconducting transition temperature as 


y 
T(n), 4 a (3) 
VM 


~C 


where MV and V are the atomic mass and atomic 
volume respectively, T(m) is an oscillatory function 
depending only on the number of valence electrons 
per atom and C varies over a range of about 20 to 
30 per cent for different crystal systems. For com- 
parisons between allotropic forms A and B for a 
given element we may presume that M and T(n) 


are unaffected by the change of structure, so that 
T.(A) oa V4 
Tip) Cp\Vep 


). (4) 


In lanthanum the f.c.c. form has an atomic 
volume about one per cent greater than that of the 
hexagonal modification. The transition tempera- 
ture of the cubic phase is 19 per cent greater than 
that of the hexagonal phase. Thus, if we take the 
volume exponent as 5, the crystal structure factors 
must differ by 14 per cent which is within the 
limits set by MATTHIAS 

For uranium the situation is less satisfactory 
owing to the larger percentage difference in transi- 
tion temperatures for the «- and y-phase. Again 
the atomic volumes differ only by about one per 
cent, so that we must assume a 264 per cent differ- 
ence in the crystal structure factors to satisfy 
equation (4). This is well outside the proposed 
limits on C 

The failure of equation (3) in this instance 
probably lies in over-simplification of the elec- 
tronic structure factor 7(n). Many workers have 
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emphasized the close connection between 7, and 
the density of states at the Fermi surface, as deter- 
mined, for example, from electronic heat capacity 
measurements. In uranium we have already advo- 
cated a steep dependence of Ng(¢) on energy at the 
Fermi surface in order to explain the electrical 
resistivity behavior. It is not unlikely that with 
such a steep dependence, the transition from the 
x- to y-phase is accompanied by a large change in 
Na(%), which in turn causes the observed increase 
in 7’. Confirmation of this point awaits an accurate 
measurement of the electronic heat capacity coeffi- 
cient for the «- and y-alloys. 

The actual form of the relationship between 
N(¢) and 
BARDEEN, COOPER and SCHRIEFFER, °9) who propose 
the formula 


T;- has recently been discussed by 


Tp ~exp — 


N(C)V 


where V, is an electron—electron interaction para- 
meter. Pines) has argued that for the transition 
metals N(¢) and V, are decoupled and V, can be 
assumed to be approximately independent of \V(€). 
In this case 7’; is a monotonically increasing func- 
tion of N(Z). 

In our discussion of electrical resistivities it was 
pointed out that the fact that po rises more steeply 
with increasing concentration for the «-uranium- 
molybdenum alloys than for the «-uranium- 
niobium alloys (both being non-linear functions of 
concentration) implies a more rapid increase of 
Na( ©) with increasing concentration in the first 
system than in the second system. Combining this 
with equation (5), we must expect a similar differ- 
ence in behavior between the 7’; vs. composition 
curves for the two z-alloy systems. This effect is 


brought out clearly in Figs. 6 and 7. 


4.3. The superconducting compounds 

The first superconducting compound containing 
a ferromagnetic element to be discovered!) was 
CoSig. Superconducting compounds of nickel in 
the nickel arsenide structure have since been re- 
ported. °*.33) The four new superconducting com- 
pounds in Table 3 all contain ferromagnetic ele- 
ments and occur in two structures, distorted CsCl 
and a new body-centered tetragonal type. It is of 
special interest that these appear to comprise the 
first superconducting compounds of manganese 
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and iron, elements whose presence is usually detri- 
mental to the existence of superconductivity. 
The compounds of the U,Mn type were studied 
structurally by BAENzIGER et al.4) They have 
almost identical unit cell volumes and average 
atomic masses very close to each other, thus form- 
ing an almost ideal group to test the valence elec- 
tron function 7(n) in equation (3). In Fig. 9 a plot 





Transition Temperature °K 











Fic. 9. Superconducting transition temperature as a 

function of the average number of valence electrons per 

atom for the U,X compounds, compared to Matthias’ 
T(n) curve. 


of transition temperature vs. the number of valence 
electrons per atom is compared with the empirical 
T(n) function proposed by MaTruias. 

The existence of the maximum in transition 


temperature confirms the general idea of the oscil- 
latory behavior of 7(n). However, the position of 
the actual maximum is displaced considerably 
from either of the odd number peaks (5 or 7) pro- 
posed by Marruias and in fact lies closer to the 


proposed minimum in the vicinity of 6. Some 
modification of equation (3) thus appears to be 
necessary to attain full agreement with the present 
results. 
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Abstract 


Heat capacity measurements below 4:2°K have been made on a series of dilute mag- 


nesium-aluminum alloys. The resulting variation of the electronic term with solute concentration 
suggests that a new overlap across the Brillouin zone is initiated at an electron concentration of about 


2-02. The effective mass ratio of these overlap electrons is given approximately by m*/m 


0-6, 


which figure is in reasonable agreement with theoretical estimates. No abrupt change of the Debye 
temperature with solute concentration is observed. 


INTRODUCTION 

THERE is considerable interest in the electronic 
band structure of magnesium and its relation to 
the variation with solute concentration of the axial 
ratio in dilute magnesium alloys. The possibility 
of such a relationship was first advanced by 
Hume-RortHery and Raynor") to explain their 
X-ray data. 

They found that the axial parameter c of such 
systems, when plotted as a function of solute con- 
centration, exhibited a discontinuity in slope at an 
electron/atom ratio of 2-0075, whereas the para- 
meter a varied quite smoothly. Following the work 
of Jonges® 
meters in the { and 7 brasses, they suggested that 


on the variation of the lattice para- 


this behaviour was correlated with the onset of 
overlap across the {000, 2} faces of the Brillouin 
zone for magnesium. Such an overlap would re- 
sult in an axial stress tending to expand the lattice 
along the c axis. This effect, when superimposed 
on the general trend of the axial parameter to de- 
crease on alloying, would give a break in the slope 
of the curve giving c as a function of electron con- 
centration. Since the overlap perpendicular to the 
hexagonal axis has long since been initiated, there 
would be no break in the corresponding curve for 
the parameter a. 

More recently, Jones-5) has placed this theory 


on a quantitative basis, using the rigid band model 
of an alloy in the approximation of nearly free elec- 
trons. ‘Treating the changes in lattice parameters 


as strains produced by a combination of a uni- 
form pressure and an axial stress, JONES showed 
that the X-ray data were consistent with a shear 
strain at constant volume depending only on the 
electron/atom ratio. With reasonable assumptions 
about the nature of the zone overlaps and holes, he 
was able to obtain an analytical expression for this 
shear, which reproduced its experimental de- 
pendence on electron concentration quite well. 

GOoDENOUGH ®) and McCure, “’) however, have 
criticized his treatment on the grounds that it 
neglects contributions to the axial stress arising 
from sources other than electron overlap. In ad- 
dition, recent X-ray measurements by VON 
BATCHELDER and RAEUCHLE,®) on dilute alloys of 
aluminum, cadmium and indium in magnesium, 
failed to confirm the discontinuity in the slope of 
the curve giving c as a function of electron con- 
centration in the case of aluminum as a solute. It 
must therefore be concluded that neither the 
X-ray measurements of the lattice parameters in 
these systems nor their theoretical interpretation, 
constitute unequivocal proof of the existence of the 
overlap in question. 

Probably the most conclusive evidence for its 
existence comes from the measurements of 
SALKOVITZ, SCHINDLER, and KAMMER®) on the 
transport properties of dilute magnesium alloys. 
They have interpreted their room temperature 
measurements as indicating an overlap occuring at 
a concentration of 1-3 at. per cent in the case of 
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aluminum alloys and at about 2 at. per cent in the 
case of indium alloys. These figures do not agree 
very well with those obtained from the X-ray data 
and it would thus seem desirable to obtain in- 
dependent evidence regarding the overlap scheme 
in these systems. 

For this reason, low temperature heat capacity 
measurements were undertaken on a series of 
dilute magnesium-aluminum alloys. According 
to the rigid band model, the variation of the elec- 
tronic contribution with solute concentration in 
this system should be directly related to the band 
structure of magnesium beyond the Fermi level. 
Furthermore the variation of Debye temperature 
with electron concentration should give some in- 
dication of the corresponding variation of elastic 
constants, thus enabling a comparison to be made 
with the recent theoretical predictions of ReEITz 
and SMITH. 9) 


EXPERIMENTAL 

Measurements were carried out in the same ap- 
paratus as described in a previous paper.“!) The 
specimens employed were 1 in. in diameter, 
12 in. in length and weighed approximately 35:5 g. 
They were produced by the induction melting of 
appropriate quantities of Johnson-Matthey 99-99 
per cent pure magnesium (Lab. No. 8554) and 
Alcoa 99-99-+ per cent pure aluminum. These were 
melted under a full atmosphere of helium in an 
aluminum oxide crucible and were then end poured 
into a water cooled copper mold. The ingots were 
homogenized for 24 hr at a temperature 30°C 
below their melting point in a salt bath of lithium 
chloride and potassium chloride. Subsequent 
metallographic examination revealed no coring or 
indication of a second phase. Finally the ingots 
were turned to the required size, samples of turn- 
ings at each end being analyzed chemically. In no 
case did the chemical analysis reveal a macroscopic 
inhomogeneity exceeding 1 per cent of the nominal 
composition. 


RESULTS 
In all cases, it was possible to obtain a good 
straight line fit to the heat capacity data when 
plotted as C/T versus T?, a typical graph being 
shown in Fig. 1. The heat capacity is thus of the 
usual form 
C=yT+A(T/0) (1) 
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Fic. 1. Heat capacity of Mg-2 per cent Al alloy. 


these terms representing the electronic and lattice 
contributions, respectively. A least squares analysis 
of the results, in the form C/T versus T?, yields 
the values of y and © shown in Table 1..The 
representative uncertainties quoted in this table 
represent both random errors estimated at the 99 
per cent confidence level and systematic errors, 
which are assumed to be approximately 1/2 per 
cent. Figs. 2 and 3 show the variation of y and @ 
with solute concentration in graphical form. 





i “2, 


millijoule mole deg 


n 
wo 


— 
— ees 
— 
— 
— 
— a 


———Voriation of y calculated from equation 8 








| 
2 3 
Atomic Percent Aluminum 





Variation with solute concentration of electronic 
heat capacity for Mg—Al alloys. 
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DISCUSSION 
(a) Electronic heat capacity 
Reference to Table 1 shows that the y value for 
pure magnesium agrees reasonably well with the 
figures obtained by SmitH®?) (y= 1-32 mJ 
mole-! deg-?) and by LoGaN, CLEMENT and 
JEFFERS"3) (y = 1-28 mJ mole! deg-?). 
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Variation with solute concentration of Debye 
temperature for Mg—Al alloys. 


and () in the relation 
dilute magnesium alloys 


Table 1. Values of y 
C =yT+A(T/O)> for 


Composition 
(At. per cent) 


mJ 
mole deg-* 


‘265 +0-010 
244 
-246 
249 
-261 


In the former case no estimate is available of the 
specimen purity or of the experimental error, so it 
is difficult to determine whether or not the residual 
disagreement with the present work is significant. 
Owing to the small specimens used in the latter 
experiment, the estimated error is of the order of 
5 per cent so that no great weight can be attached 
to the close agreement with our figure. 

From Figure 2 it can be seen that, with increas- 
ing solute concentration, the y value passes through 
a broad minimum at about 2 at. per cent aluminum. 
Because of the experimental errors involved, the 
exact shape of the curve is not known, but the 
existence of the minimum is fairly well established. 

If the present results are interpreted from the 
standpoint of the rigid band model of binary alloys, 
the density of states in magnesium beyond the 
Fermi surface must initially be a decreasing func- 
tion of energy. This conclusion is at variance with 
the usual diagrammatic representation of the band 
structure of magnesium, 4) according to which the 


density of states beyond the Fermi level increases 
with energy. In this connection, it is of interest 
that SALKOvITz, SCHINDLER and KAMMER'9) have 
also concluded from their thermoelectric data, 
that the band shape of magnesium is of the 
same general form as is indicated by the present 


work. 
To proceed further, it is necessary to consider 


the zone structure of magnesium in some detail. 
The form of zone containing two electrons per 
atom is shown in Fig. 4. Since magnesium is 
divalent and conducts electricity, there must be 











Fic. 4. Brillouin zone for magnesium. 


electron overlaps across the zone boundaries. The 
nature of these overlaps is the subject of some dis- 
pute. If we assume a free electron model, then it is 
easily shown that for magnesium (c/a = 1-62) 
E4 < Eg. It might thus be assumed, following 
Jones, ®) that A overlaps have been initiated, while 
B overlaps are absent. According to ReITz and 
SmitH,"9) however, considerations of lattice 
stability require that the opposite situation holds. 
The present work cannot settle this question, so 
for simplicity we shall follow JoNEs and assume 
that overlaps occur at points such as A and that 
holes in the first zone appear at points along the 
line D,D2, with D the point of highest energy. 
Under these conditions the holes at D form six 
simply connected closed surfaces of constant 
energy, while the overlaps at A form two such 
regions. We shall further assume that overlap at B 
can occur at an additional electron concentration 
nm =o, the overlap in this case forming a single 
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simply connected region. A schematic representa- 
tion of the proposed overlap scheme is shown in 
Fig. 5. With these assumptions it is a simple 


Density of States 








~ GMs ED 
Energy 


Fic. 5. Schematic diagram for density of states 
of overlaps and holes in magnesium. 


matter to derive the variation of the density of 
states with electron concentration. Thus we have 
for n not too large 


dNa 
+) 


2 
dE 2) 


Nan) = Na(0)+— —(- 


with a similar expression for N p(n). 
Hence, provided there is no B overlap (n < 


= 6Np(n)-+2N4(n) 

LN, IN 
(6 D 42 =. 
dE / 9 


N(n) 


= N(0)+— (3) 


Following Jones,®) we now assume that, in the 
energy range being considered, both N4 and Np 
ate parabolic in shape. If F) is the energy width of 
the overlap electrons and £2 that of the holes, then 


Na dNp 
25 aT 


so that (3) can be written 


N(n) = N(0)+ 


From (5) it is seen that 


dN < ae = 
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ALLOYS 
which, if we assume N4 = Np, £; - 
as does JONES, reduces to 

dN | 

dn 4F 
Since y = 7?/3k2N(Ep), this relation can be ex- 
pressed as 

dy 


—0-589 (8) 
dn 


where y is expressed in mJ mole~! deg -2 and EF, 
has been assumed to be 1 eV. 

The resulting variation of y with solute con- 
centration is given by the dotted line in Fig. 2 
where the zero ordinate has been chosen so as to 
give the best fit to the experimental points. 
Clearly, equation (8) is not an adequate representa- 
tion of the data, no substantial improvement in the 
fit resulting from any reasonable choice of the 
parameters in (6). The nature of the deviations of 
the points from the line strongly suggests that a B 
type overlap is initiated at about 2 at. per cent 
aluminum. To investigate whether this is a rea- 
sonable assumption, we must calculate the result- 
ing change of y; this is simply done as follows. 

To sufficient accuracy the change AF in the 
Fermi energy for an additional electron concentra- 
tion m is given by 


(9) 


If mp is the electron concentration at which B 
overlap is initiated, the corresponding energy width 
of the B distribution is thus 

n—no 


Eg —= —. 
N 


(10) 


Hence if Nz is the number of overlap electrons at 
B, m—* their effective mass and if V is the molar 
volume, the relevant contribution to y is given by 


Ay =—Np— (11) 


pe 
he 
E3 = 


2m m* | 
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it being assumed that the band is of standard para- 


bolic form. 
From (12) we can solve for {\'z to obtain 


8xV [2m /m* 3/2 
ws oe bl 
h?\ m/ px, 


4 


whence substituting in (11) 


a2 82V [2m /m* 732 Re 
PAR ye ni) ae 
h? \ m/pR Es 


4>3V [2m /m* 3 /2 
-| -(—} | R2Eg} /2, 
h2 \ m B 


” 


a 
5 


This equation may be simplified if we introduce 
the y value for magnesium. Thus if (m*/m)p is the 
effective mass ratio for magnesium, equation (13) 


3/2 /Ff3\1/2 
| Fy, 


0- 


may be written as 


Ay m* m 
y [ m ) | m* | 


Substituting the relevant values (m*/m)o - 


(14) 


1-26, 


Ey = 7-05 eV, this relation becomes 


A) m* \ 3 
0-27) (15) 


m B 


Using equations (8) and (15), quite a satisfactory 
fit to the experimental data may be obtained, as 
Fig. 6.* In determining the 


can be seen from 
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Fic. 6. Fit of experimental data corrected for volume 
changes to proposed band structure of Mg. 


* In this graph the data have been corrected for the 
volume change on alloying. See reference 11. 
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slope of the straight line portion of this graph, we 
have taken E; = 0°75 eV. This value seems to be 
more in accord with the Lg soft X-ray emission 
data of SkrnneR"5) than does Jones’ figure of 
1 eV. Once having settled on the linear portion of 
the graph, it is then quite easy to fit the remaining 
data to equation (15), since from (10) we must 
have Ay oc (n—no)!/2 with no ~ 0-02. 

It is of interest to compare the value of (m*/m) p 
obtained in this way with theoretical estimates. 
Thus, from Fig. 6 we find that for mp = 0-021, 
n = 0-041 


Ay 
“Y —0-027 


y 
/ 


Es = 0-037 eV; (16) 


whence from (15) 


0-6. (17) 

Reitz and SmiTH"®) have obtained theoretical 
estimates of the effective mass ratio for the B over- 
lap in two ways. Using the calculations of 
Truraj"6) for the band structure of magnesium 
and the usual expression for the effective mass 
ratio in the nearly-free electron approximation, 
they find m*/m = 0-4. On the other hand, from 
the magnitude of the Hall constant in pure mag- 
0-7 is obtained. As a 
0-55, 


nesium, a value m*/m 
compromise they adopt a figure m*/m - 
which agrees quite well with that given in equation 
(17). 

Another estimate of the effective mass ratio may 
be obtained from the theoretical expression, 
derived by Jones, for the dependence of the effec- 
tive shear strain at constant volume on the electron 
concentration nm. Thus for n no 


S—SQ — ites 
= A(n—no)? /2+ Bn+ Cn? (18) 


\ 50 


+ Eo ' (19) 


o 4 
3\ oie 2 


In this expression p = 1/2(c11+¢12+2c33—4c13) 
and « is defined by the relation 


Np = a(E9—Ep)} ~ 





HEAT CAPACITY OF DILUTE MAGNESIUM-ALUMINUM 


bu im* \ 3/2 
«, = (2m) a( ; (20) 
he m 


From a fit of (18) to the experimental data, A is 
found to be 0-150, which by (19) and (20) gives 
(m*/m) pz = 0-49. Thus, again, there is reasonable 
agreement with our value. 

It may be argued that this agreement is quite 
fortuitous, in view of the marked discrepancy 
between our value for mo and that adopted by 
Jones. The latter, however, is derived from room 
temperature X-ray data, while the present figure 
refers to the overlap near absolute zero. It is quite 
possible that the alterations in lattice dimensions, 
on going from 300°K to 0°K, would change the 
details of the overlap sufficiently to explain the 
difference in mp. Since the parabolic nature of the 
associated density of states curve would presum- 
ably remain unaltered, the value of (m*/m) z would 
also be constant, thus accounting for the above 
agreement. It would be of great interest to make 
X-ray measurements at liquid helium tempera- 
tures on suitable magnesium alloys, to see whether 
or not this hypothesis is true. 

Comparison of the per cent work with that of 
SALKOVITZ, SCHINDLER and KAMMER’) is some- 
what difficult, owing to the fact that their proposed 
overlap differs for various solutes of the same 
valency e.g. aluminum, indium and thallium. This 
could be due to a breakdown in their assumption, 
that the change due to alloying in the electronic 
contribution to the thermoelectric power is given 
by the relation 


Selectronic Salloy — SMg Cd (21) 


where S)y,cq is the thermoelectric power of the 
corresponding magnesium-cadmium alloy. Be- 
cause of the resulting uncertainty in their analysis, 
undue significance should not be attached to the 
disagreement between their work and that ob- 
tained from X-ray data. Furthermore, as the work 
of MACDONALD and Pearson?) on copper alloys 
has shown, the temperature variation of the 
thermoelectric power of even simple alloys is not 
at all well understood. Thus the variation of the 
overlap with temperature as obtained from thermo- 
electric power measurements must be accepted with 
caution. It is of interest, however, that the general 
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nature of the temperature dependence of the over- 
lap obtained in this way agrees with our hypo- 
thesis regarding its variation with temperature. 


(b) Lattice heat capacity 

Reference to Table 1 shows that the © value for 
pure magnesium agrees well with those obtained 
by SmitH"2) (@ = 406+10°K) and Logan, 
CLEMENT and Jerrers"®) (® = 390-+-7°K). There 
appears to be a residual discrepancy between the 
latter result and our value, but this is not believed 
to be significant, since the results of LoGaN et al. 
were obtained by fitting the heat capacity data in 
the range 3-13°K to equation (1). It is well known, 
particularly for hexagonal lattices, that the Debye 
temperature can change appreciably over this 
region. Such a variation would give an apparent © 
which is somewhat lower than @p, the value at 
0°K and it is possible that such a situation applies 
to the data in question. 

Recently SLutsky and GaRLAND“8) have mea- 
sured the elastic constants of magnesium in the 
region from 4:2°K to 300°K. By averaging the in- 
verse cube of the elastic wave velocities over all 
propagation directions and using the usual Debye 
formula, they were able to compute ©. Their value 
of 388-+-3°K is in significant disagreement with our 
result. No reason can be advanced for this dis- 
crepancy. 

From Fig. 3 it can be seen that, on alloying, the 
Debye temperature exhibits a broad minimum at 
about 2 at. per cent aluminum. According to the 
calculations of Reitz and SmituH,°) the onset of a 
Brillouin zone overlap, such as the one which is 
presumed to occur in dilute magnesium alloys, 
should result in an anomalous peak in the variation 
of the shear constant C = c¢11+cjo+2c33—4¢e13 
with electron concentration at 0°K. This peak is 
not found at room temperatures owing to the 
diffuseness of the Fermi distribution function. At 
helium temperatures, however, its presence should 
show as a maximum in the variation of Debye 
temperature with solute concentration. Although 
the accuracy of the experimental values of © is not 
very high, there can be no doubt that such a maxi- 
mum is not present. No reasonable explanation of 
this result can be adduced and low temperature 
elastic measurements on dilute magnesium— 
aluminum alloys are being made to clarify this 
situation. 
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CONCLUSION 
From low temperature heat capacity measure- 
ments on dilute magnesium alloys it is concluded 
that an overlap across the {000, 2} faces of the 
Brillouin zone for magnesium is initiated at an 
electron concentration of approximately 2-02. The 


effective mass ratio of these overlap electrons is 
approximately 0-6. No anomalous behaviour in the 


variation of Debye temperature with solute con- 


centration is observed. 
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The effect of pressure on the absorption edge of 
sulfur* 


(Received 12 June 1958) 


IN connection with our studies of the effect of 
pressure on the structure of solids, the absorption 
edges of sulfur have been measured. The sulfur 
was crystallized from the vapor phase on a watch 
glass held at room temperature. Some specimens 
were also grown from CSe solution. The equip- 
ment and techniques used have been described 
previously.“2) A Beckman monochromator was 
used with a tungsten source and 1P21 detector. 
The absorption edge was found to shift con- 
tinuously toward longer wavelengths as far as the 
data could be obtained. Several runs were taken 
in both the 50,000- and 250,000-atm cells, and are 
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Fic. 1. Shift of sulfur absorption edge with pressure 
(Av measured from 23,250 cm~!) 


plotted in Fig. 1. This substance could not be ob- 
served above 200,000 atm because the shift of 
9000 cm-! from the zero value 23,250 cm-! puts 
the edge into the 14,000 cm~! region where the 


* This work was supported in part by AEC Contract 
AT(11-1)-67, Chemical Engineering Project 5. 
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photomultiplier sensitivity is very low. The linear 
shift of the edge with pressure below 120,000 atm 
is an accelerating function of density, as shown in 
Fig. 2. In this diagram BRIDGMAN’s compressibility 
data) were extrapolated to obtain values of po/p 
between 100,000 and 200,000 atm yielding the 
dotted portion of the curve. Using a reasonable 
extrapolation of BRIDGMAN’s data, and the rate of 
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Fic. 2. Shift of sulfur absorption edge with density. 





shift observed at the maximum pressure, it is 
estimated that sulfur will become a metal some- 
where in the neighborhood of 400,000—500,000 
atm at room temperature. 
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Lattice distortions due to d-s mixing 


(Received 17 July 1958) 


WE have shown) that the tendency of certain ions, 
for example Cu*, Ag*, Au*, and Hg**, to occur in 
a linear environment rather than in an environment 
of higher co-ordination number is correlated with 
the d-s separation in the free atom. If the d-s 
separation is small enough, the loss of electrostatic 
energy due to the smaller number of neighbours is 
more than compensated for by the stabilization due 
to d—s mixing in an environment of low symmetry. 
The relation of these effects to Jahn—Teller distor- 
tions was emphasized. Here we point out that a 
qualitatively similar, but quantitatively less drastic, 
effect may be responsible for the anomalous X-ray 
scattering and perhaps for the phase transitions in 
a variety of halides and sulphides containing Cu‘, 
Ag*, Hg 

HOSHINO that the 
dependence of the intensities of X-ray reflections 


ions, &c 

has shown) temperature- 
from many halides containing d!° ions can only be 
understood if it is supposed that the metal ion has 
an extremely large amplitude of vibration or, in 
some cases, if there exist subsidiary potential- 
energy minima away from the centre of the co- 
ordination tetrahedra. Just such effects are to be 
anticipated if d—s mixing is important. 

In the group 7, of the environment of a metal 
atom in a tetrahedral halide, the d orbitals trans- 
E and the s orbital as A). The stretch- 
ing of the tetrahedron 
A,+7;. Thus a 7] vibration can mix together the 
triply degenerate group of d orbitals and the s 


form as 7} 


vibrations transform as 


orbital. The arguments already presented®) show 
that this tends to decrease the force constant of the 
7; stretching mode and that if the d—s separation is 
sufficiently small the structure becomes unstable 
with respect to this mode of distortion. The results 
on the X-ray scattering from the ordered phases of 
these halides are consistent with such a mechanism 
if it is supposed that the correlation between dis- 
tortions of neighbouring tetrahedra is weak.®) 
Similar distortions should occur, for example, in 
the sulphides of Cu* and Ag’, and it is probably 
significant that the compound CugSs5 does contain 
Cu* ions both slightly displaced from the centre of 
a tetrahedral environment and in planar trigonal 
co-ordination.) In contrast to the situation for 
octahedral complexes, s—p mixing can lead to 
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similar distortions in tetrahedral compounds of 
d10s2 ions. ) 

The substances exhibiting anomalous X-ray 
scattering are also remarkable for very high ionic 
conductivities and some for the disorder of the 
metal ions in their high-temperature phases. It 
may be that the very low barriers to the displace- 
ment of metal ions from the centres of their tetra- 
hedra allows the lattice to accommodate interstitial 
ions more easily than would otherwise be possible. 


Department of Theoretical Chemistry 1. E. ORGEL 
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On the relation between non-stoichiometry and 
the formation of donor and acceptor centres in 
compounds 


(Received 30 June 1958; in revised form 29 July 1958) 


As is generally recognized, non-stoichiometry may 
give rise to the formation of donor or acceptor 
centres in semi-conducting compounds. It is often 
tacitly assumed that each atom present in excess of 
the stoichiometric composition forms one donor 
or acceptor centre. As will be shown, this need not 
always be the case. 


If, in a crystalline compound A,B,, one of the 


y’ 
components is present in excess of the concentra- 
tion required by the simple stoichiometry ratio, the 
excess atoms can be accommodated in the crystal 
in three different ways: 


(1) at interstitial sites (A; or Bj); 


(2) at normal lattice sites with the formation of 


vacancies: 


nextra A atoms on A sites (A 4), givingn x y/x 
vacancies on B sites (Vg), and similarly m 
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extra B atoms on B sites (Bz), giving mx x/y 
vacancies on A sites (V4); 

(3) at both A and B sites without the formation 
of vacancies (anti-structure mechanism), 
Of n extra A atoms, a fraction n x x/(«-+-y) is 
placed at normal sites (A 4), the remaining 
part mxvy/(x+y) being placed at B sites 
(Ag), and similarly for extra B, 


The electrical consequences of the deviation 
from stoichiometry differ in the three cases. If A is 
an electropositive and B an electronegative atom, 
A; will act as a donor and B; as an acceptor. The 
number of donor or acceptor centres due to the 
deviation from stoichiometry is thus equal to the 
number of excess atoms present in case (1). 

In case (2) V 4 will act as an acceptor and Vg asa 
donor. The number of donors or acceptors per 
extra atom is thus equal to the number of vacancies 
Vp or V4 per extra atom, viz. y/x and x/y re- 
spectively. 
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given by an expression involving factors denoting 
the extent to which the various mechanisms parti- 
cipate. 

Similar complications may arise from the fact 
that centres of the type formed by extra atoms are 
also formed by thermal disorder (Frenkel type, 
Schottky type, or anti-structure type disorder)) 
The effect of disorder is most serious under con- 
ditions where the deviation from stoichiometry is 
small relative to the disorder, i.e. close to the 
stoichiometric point. In practice it is often difficult 
to determine with sufficient accuracy the deviation 
from stoichiometry by chemical means. Then the 
deviation from stoichiometry is sometimes de- 
duced from electrical measurements, e.g. from the 
concentration of holes or electrons determined by 
means of the Hall effect, taking into account the 
degree of ionization of the donor or acceptor 
centres and assuming that each centre may give off 
a certain number of electrons or holes, e.g. one. 
This has been done for PbS) and BioTe3). For 


Table 1 





Number of donors (d) or acceptors (a) per extra atom 





Mechanism of incorporation 





(1) Interstitial mechanism 
(2) Vacancy mechanism 
(3) Anti-structure mechanism 


In case (3), Ag will act as an acceptor and By 
as a donor, the reason being that electropositive 
atoms have fewer valence electrons than electro- 
negative atoms. The number of donors or acceptors 
per extra atom is given by the fraction of the extra 
atoms occupying abnormal positions; it is y/(x+-y) 
(acceptors) for extra A atoms, and x/(x-+-y) 
(donors) for extra B atoms. The various cases are 
summarized in Table 1. 

It is, of course, also possible that the various 
mechanisms occur simultaneously, part of the 
extra atoms being incorporated by one mechanism 
and the remainder by another. In this case the 
number of donors or acceptors per extra atom is 


Compound A,B, 


Compound AB Compound A,B; 





PbS case (2) probably applies; since x = y = 1, 
the number of donors or acceptors per extra atom 
is one. For BigT'eg, on the other hand, there are 
reasons for believing that case (3) applies.“-4 
Therefore here the numbers of donors or acceptors 
per extra atom are # and # respectively, and not 1 


4 


as assumed in reference (3). In carrying out an 
analysis of this type, the factors discussed above 
have obviously to be taken into account. 


Philips Research Laboratories F. A. KROGER 
Eindhoven 


Netherlands 
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BOOK REVIEW 


D. R. HartREE: The Calculation of Atomic Struc- 
tures. John Wiley & Son, New York, and Chapman & 
Hall, London, 1957. XIII+181 pp., $5.00. 
SHORTLY before his death, the late Professor 
HARTREE completed a book giving a survey of the 
most important field of research of his life: the 
calculation of atomic structures by the self- 
consistent-field method. The book gives an ex- 
cellent exposition of the development of this ap- 
proach during the last three decades, and it con- 
tains a great deal of material which has never been 
collected in this form before, except in a brief 
review article in Reports on Progress in Physics 11, 
113 (1948). 

After an introduction about the separable wave- 
function approximation, there follows a descrip- 
tion of the variation principle and a detailed 
analysis of the energy of the configurations of com- 


plete groups. This leads to a derivation of the self- 
consistent-field equations with and without ex- 
change, and then the numerical procedure for 
solving these equations is described in detail. After 
a chapter on configurations comprising incomplete 
groups, there follows an investigation of the varia- 


tion of atomic wave functions and fields with 
atomic number. The following section is devoted 
to a study of the total energy and, in a chapter of 
11 pages, “better approximations” are briefly 
described. 

At the end of the book, there are some useful 
tables of mean radii, screening numbers, and re- 
duced radial wave functions. The reader would 
perhaps expect to find a complete list of references 
to the original self-consistent-field calculations in a 
book of this type, but the author refers instead to 
the above-mentioned review article in Reports on 
Progress in Physics and gives only a list of addenda 
bringing the survey up to date. This slight dis- 
advantage ought to be removed by the publisher 
before the next printing of this outstanding book, 
which will certainly become the standard text in 
this important field. 

With this book, the late Professor HARTREE ap- 
propriately crowns his life work, and we atomic 
scientists read it with a deep feeling of admiration 
and gratitude both for the monograph itself and 
for the research behind it. 
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Abstract 


Single crystals of iron sulfide of stoichiometric and near-stoichiometric compositions 


have been prepared by a method similar to the Bridgman technique, and their anisotropies of mag- 
netic susceptibility and electrical conductivity have been observed. Consideration of the experimental 
results leads to the conclusion that the preferred direction of the antiferromagnetic spins is parallel 
to the c-axis of the crystal below T,, (the temperature of the «-transformation) and perpendicular to 
the c-axis above T,. The behavior of the spin orientation in the temperature range between JT, and 
Tn (the Néel temperature) has been clarified. It appears that the anisotropy of conductivity can be 
explained qualitatively in terms of the dependence of electron scattering on the spin orientation of 
each magnetic ion in the crystal. Anomalous behavior of the susceptibility, which appears just below 


T,, in the cooling process, is reported briefly. 


1. INTRODUCTION 
THE magnetic and other physical properties of the 
iron sulfide system (FeSz), including the mineral 
pyrrhotite (Fe7Sg), have been investigated both 


experimentally and theoretically by many workers. 
The physical properties, however, seem to be very 
complicated, because this substance has «- and 
y-transformations in addition to f-transformation 
which is well known as the transformation between 
the antiferromagnetic and paramagnctic states. 
The magnetic properties have been studied by 
Juza and Bitz,” ZreGLER,®) HARALDSEN,) and 
Mryanara, 4) and their results may be summarized 
as follows. The susceptibility of stoichiometric iron 
sulfide (x 1-00 in FeS;) is essentially antiferro- 
magnetic, and its x- and f-transformations are ob- 
served at temperatures of 138 and 320°C, respec- 
tively. With a slight increase of sulfur content the 
z-transformation (7\,) shifts to lower temperatures, 
whereas the temperature of the §-transformation 
(Ty, or the Néel point) remains almost unchanged 
at 320°C. As the 
x = 1-06, the y-anomaly makes its appearance in 


sulfur content increases to 


the temperature range between 7, and Ty, and the 


Now at the Physics, 
Science, Tohoku University, Sendai, Japan 
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peak of the susceptibility at the y-anomaly becomes 
sharper. When x increases beyond 1-10, the sub- 
stance becomes ferrimagnetic, showing a large 
susceptibility. An interpretation of the ferrimag- 
netic magnetization at the y-anomaly has been 
given by HiRonE and Tsuya,®) and Yosrpa‘®) on 
the basis of the following model. 

The excess sulfur atoms within the lattice are 
supposed to induce ferric ions in place of ferrous 
ones. Then, the ferric and ferrous ions are assumed 
to tend to accumulate on alternate planes perpendi- 
cular to the c-axis of the crystal, the even planes 
containing only ferric ions and the odd ones, only 
ferrous ions. According to this model, the differ- 
ence between the five Bohr magnetons of a ferric 
ion and the four Bohr magnetons of a ferrous ion 
can account for the net magnetic moment of the 
substance. Recently, LOTGERING™ has investigated 
the ferrimagnetic behavior mentioned above, and 
has attempted to interpret the anomalous behavior, 
particularly of FeSj.1, by the mechanism of the 
vacancy ordering. 

Crystallographic investigations of FeSz have 
been carried out by HAGG and Sucxsporrr, ®) 
Juza and Birtz,@) Hara.psen,®) UEDA ef al.) 
and more recently by Bertaut.“9 Stoichiometric 
and its 


FeS has a hexagonal lattice structure 
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space-group is Dg,4—C¢2¢. The dimensions of the 
5-968 A and co = 11-74 A, and a 
This structure is a 


unit cell are ao 
cell 


superstructure of the high temperature-structure, 


contains 12 molecules. 
the latter is observed at the temperature above 
T, as a simple NiAs-type, and the relations be- 
it cells of the two structure types are 

5-96 A, and co 2c’ 11-74 A, 

1c’ are the lattice constants of the unit 
high-temperature or NiAs-type struc- 
metric FeS contracts at T, by about 

the c-axis with increasing tem- 

tion decreases with increase 

-heat anomaly at 7, and at 7'y has 
12) and also by 


ed by HrRonz et al. 


Their results show that the anoma- 


ire about 600 cal/mole at 7'y and 550 cal/mole 


It should be noted that the anomaly at 7, 


the increasing sulf content and 


ijur 
ly T, shifts to a lower temperature. 

tly, Kamicarcui: the 

conductivity of FeS, 

1-10) and observed a large increase at 


has measured 


] = 
electrical 


(1-00 < x 


polycrystalline 


uunt of this increase becomes smaller 
r sulfur content. 

measurements mentioned above have 
d out on polycrystalline samples except 

> case of the mineral pyrrhotite (Fe7Sg). On 

this account the detailed nature of the transforma- 
tions, especially the «-transformation, has not yet 
been clarified. In order to elucidate the mechanism 
of the various transformations, therefore, the use 
of single Such 
crystals have been successfully prepared in our 
laboratory, and electrical and magnetic properties 
have been measured for samples of stoichiometric 
the 


crystals seems to be essential. 


and near-stoichiometric compositions. In 
following sections, we shall describe our experi- 
mental procedure and results and shall give some 
qualitative account of the spin-orientation and its 
effect on electronic conduction. The latter has been 


already reported briefly.“4) 


2. PREPARATION OF SPECIMENS AND EXPERI- 
MENTAL PROCEDURES 


The single crystals of FeSz were prepared in the 
following way. A pure iron wire (prepared by the 
Merck Co.) and pure sulfur powder (distilled care- 
fully from a carbon bisulfide solution) were heated 


and 
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in an evacuated terex tube at about 600°C. The 
compound FeSz, prepared in this way, was ground 
into powder and sealed in an evacuated, thick 
silica tube, which was then heated at about 1200°C 
in a silicon-carbide furnace and slowly cooled by 
removing the sample gradually from the furnace. 

In cooling from high temperatures a single 
crystal may be produced, but it often breaks the 
silica tube, since it expands greatly at the a- 
transformation. Hence, a vital point in making a 
suitable single crystal is to use a thick silica tube. 

The composition of the sample was carefully 
determined by chemical analysis, and the result 
agreed within 1 per cent with the composition ex- 
pected from the ratio of iron to sulfur before heat 
treatment. 

The electrical conductivity of the sample was 
measured by a conventional four-probe method, 
using a type K-2 potentiometer. The sample and 
four leads were sealed together into an evacuated 
terex tube in order to protect the sample from 
moisture during low-temperature measurements. 


The magnetic susceptibility was measured by means of 
a magnetic balance designed to record automatically a 
magnetization, temperature curve on a recording chart. 
pas 
Ihe balance, 
} | 
with a metal base, is 
by HIRone et al. 
order to rotate the sample in an external magnetic field, 
a small thin disc is attached horizontally to the quartz 
sample vertically in the field. 


which is placed in an evacuated bell jar 
essentially similar to that described 


except for the following point. In 


filament suspending the 
The disc has scales on its circumference and can be 
rotated about the vertical axis, which coincides with the 
quartz filament holding the sample. The disc is rotated 
by a rod with two small hooks. The rod passes through 
the metal base of the balance and is able to rotate on its 
axis without affecting the vacuum in the bell jar. 

In the susceptibility measurements it is necessary to 
keep the sample free from oxidation, for which purpose 
the sample was sealed into a terex or silica ampule. The 
external magnetic field for the magnetic balance was 
about 7000 G for all susceptibility measurements except 
for the special case 


3. EXPERIMENTAL RESULTS 

(a) Anisotropies of both susceptibility and conduc- 
tivity 

The results for the temperature variations of 
magnetic susceptibility and electrical conductivity 
for a stoichiometric iron sulfide (FeS .90) are 
shown in Figs. 1 and 2. The temperature range for 
the measurements extended from liquid-air tem- 
perature to 600°C. In Fig. 1 curves 1 and 2 give 
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the susceptibility results obtained with the external 
magnetic field parallel and perpendicular to the 
c-axis of the single crystal, respectively. In Fig. 2 


Fic. 1. ‘Temperature variation cf the susceptibility of a 

stoichiometric iron sulfide (FeS,-99). The external mag- 

netic field was applied parallel (curve 1) and perpendi- 
cular (curve 2) to the c-axis. 


curves 1 and 2 show the conductivity results 
obtained with the electric field parallel and per- 
pendicular to the c-axis of the single-crystal sample, 





7x10? 


Fic. 2. Temperature variation of the conductivity of a 

stoichiometric iron sulfide (FeS,.99). Abscissa is the 

reciprocal of the absolute temperature (7°K). Curve 

1(C|\|E): the electrical field was parallel to the c-axis. 

Curve 2(C |E): the electrical field was perpendicular to 
the c-axis. 


respectively. Both Figs. 1 and 2 indicate remark- 
able anisotropies and, moreover, anomalies appear 
at 138°C (a-transformation) and at 320°C (f- 


transformation). Curve 1 appears to indicate a 
residual susceptibility at absolute zero tempera- 
ture. 


Fic. 3. Temperature variation of the susceptibility of 
FeS,.94. T’, shifts to the lower-temperature side com- 
pared with that of the stoichiometric sample, but T'v 
remains unchanged at 320°C. The anisotropy at T, is 


smaller than that of the stoichiometric sample. 


Both the anisotropy and the anomaly of FeS,z at 
T,, have been found to depend sensitively upon the 
sulfur content (x in FeS,). In fact, with increase of 
sulfur content, both the anomaly and the aniso- 
tropy mentioned above become smaller and finally 


disappear at x = 1-09. Furthermore, 7, itself de- 


Pe *-o—e 
~* —o-2— a, 
om Pr0--— 5 ——-. 5 ——9 
_ a _ i. v 
| 


CURVE 2(CLE 


Fic. 4. Temperature variation of the conductivity of 

FeS;-o4. Tz, shifts to the lower-temperature side com- 

pared with that of the stoichiometric sample, but Ty 

remains unchanged at 320°C. The anisotropy at T, is 

smaller than that of the stoichiometric sample, as in the 
case of the results for susceptibility. 


creases with the increase of x, i.e. T,, which is 
138°C for the stoichiometric sample, is observed to 
fall to 110°C for the sample with x = 1-04, 
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although 7'y remains unchanged at 320°C irrespec- 
3 and 4 


nent with previous results 


ive of x, as shown in Figs. These results 
on poly- 
:ples 
The interpretation of the anisotropies and ano- 
malies will be attempted in Section 4 
(b) Anisotropy at the «-transformation 
In order to investigate in more detail the spin 
i . of antiferromagnetism in the neighbor- 
hood of T7.,, 


vit 
ol 


the following measurements have been 
The temperature-dependence of sus- 
ceptibility has been measured for the various angles 
between tl 
tic field H, and the results are shown in Fig. 


‘he curves 1, 2, 3, and 4 show the results 


e c-axis of the sample and the external 


* o—o-0-—_-0-—00—0——" 


to angles of 0°, , 60°, and 90 


he Sampic used measure- 


me as that 


an external 
rotation. The 
B in Fig. 6, 
T, (say at 
condi- 

he same 

ts, for curves 
K1iS and tl e€ ex- 


B’, the angle 
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between a certain reference axis in the c-plane 
(perpendicular to the c-axis) and H. The results for 
FeS).04 corresponding to those in Figs. 5 and 6 
have been already reported. (4) 


Fic. 6. Anisotropy of susceptibility of FeS,.99. Curves A 
and A 
the 


C-axis. 


: sample rotated about the axis perpendicular to 
Curves B and B’: sample rotated about the 

and B: measured at 10°C. 
: results measured at 160°C. T., for the 


C-axis. 
Curves A 
‘and B 


results 
Curves A 
sample is 138°C. 


(c) Measurement of magnetization above T, 

As can be seen in Fig. 1, the susceptibility 
indicated by curve 1(C |) has a larger value than 
that of curve 2(C|H). It is therefore questionable 


he magnetization 
‘The ordinate denotes the 


lances the force acting on 


lantity propor- 


field (H?). 


whether the anomalously large susceptibility for 


C|\A is duc 


as occurs 


to a ferrimagnetic magnetization such 


the y-phase. In order to investigate 


this point in detail the following measurement was 
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made. A sample was placed in a field gradient 
5H/dy, and a force yH(dH/dy) induced by the 
magnetization yH was measured by means of the 
magnetic balance, the direction of y being chosen 
as the vertical direction. The results obtained at 
150°C are shown in Fig. 7, in which the abscissa is 
H(8H/8y) and the ordinate is the current counter- 
balancing the force that acts on the sample. The 
applied magnetic field ranged from 400 to 7000 G, 
being parallel (curve 1) and perpendicular (curve 
2) to the c-axis of the crystal. The experimental 
points in Fig. 7 are seen to lie on two straight lines 
which both pass through the origin. Therefore, 
the magnetization in the above experiment is 
proportional to the magnetic field, representing 
two constant susceptibilities for the cases C ||H and 
C|H. Thus, the anomalous magnetization men- 
tioned above can hardly be ascribed to the ap- 
pearance of ferrimagnetism. 


(d) Anisotropy above Ty 

Fig. 1 shows distinct anisotropy above 7'y, the 
Néel point (320°C). However, it is necessary to 
determine whether or not this anisotropy is an 
intrinsic property of the material. To elucidate this 


Fic. 8. Anisotropy at temperatures above 7'v, measured 

for rotation around the axis perpendicular to the c-axis. 

Maximum and minimum values correspond to C||H and 

CH, respectively. The abscissa denotes the angle 

between the external magnetic field and an arbitrary 
reference line. 


point the crystal was rotated, at 335°C, about the 
axis perpendicular to the c-axis of the crystal with 
the field perpendicular to the axis of rotation. The 
results are shown in Fig. 8, from which the 
presence of anisotropy is apparent and may be con- 
sidered to be characteristic of the substance. 
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4. INTERPRETATION OF RESULTS AND 
DISCUSSION 

These measurements have been made mainly on 
stoichiometric or near stoichiometric samples. In 
the following, however, our discussion will be re- 
stricted to the stoichiometric samples 

According to the theory@®1% of antiferromag- 
netism, the susceptibilities observed with the ex- 
ternal field applied parallel and perpendicular to a 
preferred direction of the elementary magnet, be- 
come 


3SCB’ 
S+1 


and 


x, =1/A, (2) 


where S is the spin of a magnetic ion, C the Curie 
constant, B’ a derivative of the Brillouin function 
with respect to its argument, and 7 the absolute 
temperature. I‘ and A are ferromagnetic and anti- 
ferromagnetic interaction constants, respectively. 
Denoting the number of magnetic ions per unit 
volume by N, the Curie constant C is written 


C = Ng? + pg? + S(S+1)/3k, (3) 


where g, gp, and R are the g-factor, the Bohr 
magneton, and Boltzmann’s constant, respectively. 
Furthermore, the Néel point or antiferromagnetic 
Curie point is given by 
(4) 
Now, x, in equation (1) vanishes at T = 0, and 
increases with temperature. Above the Néel point 
x, and y , show paramagnetic behavior, i.e. 
x =C/(T+8), with @=3C(A+4+T). (5) 


As seen in Fig. 1, the characteristic features of 
the experimental curves below 7, (138°C) may be 
well represented by equation (1) and (2), and those 
above the Néel point 7'y (320°C), by equation (5). 
Therefore, the preferred direction of antiferro- 
magnetic spins below 7’, may be reasonably sup- 
posed to lie parallel to the c-axis of the crystal. This 
conclusion is further supported by the curves in 
Fig. 5 and by curves A and B in Fig. 6, as ex- 
plained below. 
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Now, the susceptibility observed for the external 
field H along the direction making an angle @ with 
a preferred direction of the spin becomes ®) 


- cos? O+y,° sin? 6. 


(6) 


When the preferred direction is parallel to the c- 
axis, @ in equation (6) is identical with the angle 
shown on the abscissa of Fig. 6. Then, equation (6) 
is found to fit exactly the curve A in Fig. 6, re- 
presenting the spins restricted in parallel with the 


X =X 


c-axis by a large anisotropy energy. 

Next we shall proceed to the detailed discussion 
of the abrupt jump of both susceptibilities, y, and 
y ,, at T,, together with the remarkably different 
magnetic behavior between 7, and Ty in compari- 
sion with that below 7,. The abrupt jump at 7, of 
the curve 1(C||H) in Fig. 1 cannot be of ferro- 
magnetic origin or due to the parasitic ferro- 
magnetism discussed by NEEL,“%) since the results 
in Fig. 7 show that the crystal has no ferromag- 
netism at this temperature. Looking at the results 
shown in Fig. 1, the characteristics of x, and x, 
below 7, seem to exchange roles between 7, and 
Ty. Furthermore, as pointed out at the beginning 
of this paper, the c-axis of the crystal is observed 
to contract remarkably at 7, a fact which seems to 
be closely connected with the abrupt change of the 
susceptibilities. In view of this, we propose the 
following interpretation for the «-transformation, 
i.e. the abrupt change of the magnetic behavior 
mentioned above. 

In 


change of both the exchange energy constant A and 


general, we may expect a discontinuous 


the anisotropy energy constant, associated with the 
i On 


contraction of the c-axis of the crystal at T,. 
this account the spin direction is supposed to turn 
down from a direction parallel to the c-axis onto 

perpendicular to the c-axis, and, 
, to exchange energy constant A be- 

SI alle ¢ 

According to this assumption, the behavior of 
curve 1 at and above T,, may be represented by an 
equation similar to (2), and the abrupt increase of 
the susceptibility can be ascribed to the discon- 
tinuous decrease in A. Furthermore, the slow de- 
crease with the temperature of curve 1 above 7, 


} 


will be due to the gradual recovery of A through 


thermal expansion of the crystal lattice. Similar 
considerations will be found to be valid for curve 


2 by using equation (1). 
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The above explanation is further supported by 
curves A’ and B’ in Fig. 6. Curve A’ indicates that 
the spins turned down onto the c-plane have so 
large a resistance that they cannot turn out of the 
c-plane, and the constant value of curve B’ suggests 
two kinds of models for the available spin orienta- 
tion: one is that the spins take two or more 
different fixed directions in the c-plane, and the 
other is that the spins in the c-plane are able to 
turn easily to keep themselves always perpendi- 
cular to the external magnetic field. However, the 
former idea is supported by curve 2 (C|#) in 
Fig. 1, in which the susceptibility increases with 
temperature in the temperature range considered 
and shows the existence of spin components 
parallel to the external field. 

In general, an antiferromagnetic substance such 
as iron sulfide has two sublattices, in each of which 
the spins are set antiparallel with each other. On 
the basis of the model proposed above, each sub- 
lattice may be considered to be further divided into 
two or more minor sublattices, in each of which the 
spins are parallel. Such spin orientations within the 
c-plane appear to be possible in FeS from con- 
siderations of the symmetry of the crystal lattice. 
However, we are led to the same conclusion as 
above by a consideration of domain structure or 
twinning instead of the minor sublattices in each 
sublattice, the spins in each domain or twin 
aligning in the same direction. 

We shall now compare the present results with 
previous ones on polycrystalline samples. The 
susceptibility of polycrystalline samples, x,,, can 
be calculated from the observed values of y, and 
x. for the single crystal as follows: 


(7) 


may be calculated in a straight- 


Xp 


Pa ae 
Below Dns Xp 
forward way from equation (7), but above 7, it may 
be obtained by assuming minor sublattices as 


follows. 

If we assume curve 1 to be given by dx 
and curve 2 to be described by }y 
is assumed to have the same value 


x1 
4y,, and, 
moreover, x 
in the two cases of the external field H applied 
along and perpendicular to the c-axis, we may get a 
curve as shown by the broken line in 
in the temperature 


virtual x 
Fig. 9. Thus, the value of Sy 
range may be calculated from equation (7), using 
both curve 1 and the virtual y, curve, and is shown 
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by the full line in Fig. 9, with the experimental 
results of HARALDSEN“) for comparison. 

The remarkable anisotropy of electrical con- 
ductivity, shown in Fig. 2, cannot be explained 
completely by the anisotropy of non-magnetic 
properties, i.e. the anisotropy of the non-spherical 
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and parallel in another direction. Corresponding 
to the different spin orientations with respect to 
the directions of the electric current, different 
values of the electrical conductivity might be ex- 
pected to appear in the various directions on ac- 
count of some type of spin-dependent interaction, 
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Fic. 9. Comparison of the susceptibilities of our single crystal 
(FeS,.99) with those of HARALDSEN’s polycrystalline sample. The 
calculated susceptibility of the polycrystal X, (full line) was ob- 
tained from equation (7). Above 7,, Curve 1 was assumed to be 
$X ,+4n, and Curve 2 was assumed to be 3X , +3X,. From the 


assumption a virtual X 


Fermi surface in momentum space and of scatter- 
ing, which are mainly governed by crystal struc- 
ture. Hence, the large anisotropy may be ascribed 
to the characteristic difference of the spin- 
orientations of the magnetic ion cores with respect 
to the direction of the electronic current. As is well 
known, in crystals containing transition-metal 
atoms, the conduction electrons are supposed to 
have, in addition to the usual electrostatic inter- 
action, a spin-dependent interaction with the ion 
cores. This interaction, i.e. s—-d interaction, has 
been discussed in some detail by ZENER) and a 
number of other authors. @)) 

For the antiferromagnetic crystal also, the con- 
duction electrons may be considered to have a 
similar spin-dependent interaction with the mag- 
netic ion cores within the crystal, whose spins are 
arrayed antiparallel to each other in one direction, 


curve (broken line) is drawn. 


although we have no conclusive theory at present. 

In view of the above consideration, the observed 
anisotropies of the electronic conduction in FeS are 
believed to be caused by the different spin orien- 
tions with respect to the direction of an applied 
electric field. 

Thus, at temperatures below T,, the conduction 
electrons under the influence of an external field 
along the c-axis of a single crystal are forced to 
travel along the c-axis, along which the spins of the 
magnetic ion cores are antiparallel to each other. 
Some correlation between such a spin orientation 
and the spin of a conduction electron might give 
rise to the hard flow of electric current (curve 1 of 
Fig. 2) in comparison with the case E|C, in 
which the core ions on the plane parallel to F have 
their spins parallel to each other. For T > T,, the 
spins of the magnetic ion cores have been supposed 
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¥ versus T curves at temperatures above T'y 
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From the 


and @ were obtained from equation (5). 


to fl 


become orientated in different directions from one 


op down onto the c-plane and, furthermore, to 


minor sublattice to another. In this case, there is 
no detectable difference, in comparison with the 
case of T< T 
the directions parallel and perpendicular to the c- 


between the spin alignments in 


axis. The corre sponding values of the electronic 
conduction therefore should become of about the 
same order of magnitude, as is in fact observed. 
The 


be understood in a similar way to Mott’s theory 


increase of electrical resistivity above Tx may 


electronic conduction in ferromagnetic 
_ allowing for the random orientations of the 
spins of magnetic ion cores above Ty. Even in this 


temperature range (7 Tx), some minor aniso- 
the electronic conduction is actually ob- 
this is probably due to the short-range 


spin orientation, as seen in Figs. 1 and 


5. VALUES OF C AND §¢, AND A NEW ANOMALY 
and 6 
and T is 


In order to make an estimate of C 


equation (5), the relation between 1 X 
given in Fig. 10, using the observed susceptibility 


above the Néel point. Two curves for C|\H and 


C\H are 
I 3-42, 6=910°K for 


which we obtain C. 
920°K for C; H. The 


C\\H and ¢ 3-36, 


found to fit two straight lines, from 


mean 3-38 and #@= 917°K, 
which may be compared with the values C 
3-44 857°K the 
sample.” 

The effective number of the Bohr magnetons 


values are C. 


mol 
polycrystalline 


and @ for 


may be calculated by the equation?) 
2:844/C, (3) 
MB 


which leads to P,,, = 5-22 for C,,,,) = 3-38. On 
the other hand, if the d-orbital of the iron ion is 
assumed to be completely quenched and the elec- 


tron spins alone to contribute to the magnetic 


moment, the effective number of Bohr magnetons 


is given by 


Post 2 S(S+1 ), (9) 
4-88 for ferrous ions 
5/2). 


from which we get P.» 
(S = 2), and P., = 5-91 for ferric ions (S 
Comparing these values with the value 5-22 ob- 
tained from equation (8), the substance might be 
considered to contain a large proportion of ferric 
ions at the expense of ferrous ions. However, the 
speculation seems to be unreasonable since any 
ferrimagnetism corresponding to the difference of 
the magneton numbers between ferric and ferrous 
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ions has not been observed in a stoichiometric 
sample. The reasonable interpretation for the 
effective Bohr magneton number, therefore, will 
not be given until the nature of an ionic and 
covalent bonding in the crystal is clear. 

From equations (4) and (5), together with the 
values of 0= 917°K, C,,, = 3-38, and Ty 
320°C (= 593°K), we have A = 445/mol 
I’ = 95/mol. On the other hand, we may get 
A = 739/mol from equation (2) and the experi- 
mental value of y = 15-4x10-%emu. The dis- 
crepancy between the A values may be reasonable 
if the temperature variation of A is taken into 


and 


account. 

Finally, brief reference should be made to the 
anomalous behavior of susceptibility which has 
been found in the narrow range of temperatures 
just below 7',. When the sample is cooled along the 
C|H curve from the temperature just above T7,, 
an extraordinarily large susceptibility with a tems 
perature width of about 15°C has been observed 
On the other hand, when the 


just below 7,,. 
sample is cooled along the C,H curve, 7, shifts 
by about 20°C toward the lower-temperature side 
in comparison with that in the heating process, and, 
furthermore, the value of the susceptibility sud- 
denly falls in two steps. These anomalous features 


have not been observed during the heating process. 
Although the nature of the anomaly is at present 
still obscure, it might indicate that in the cooling 
process the change of the magnitude of exchange 
energy constant at 7', has a different relaxation time 
from that of the spin directions (the anisotropy 
energy constant). However, the details of the 
anomaly will be further discussed in another paper, 
since the more detailed experiments are now in 
progress. 
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Abstract 


The temperature-dependence of the elastic moduli of vitreous silica is anomalous in 


the sense that the moduli of this substance increase with increasing temperature above 60°K. 
This anomalous behavior is investigated theoretically, and it is shown to be already implied by the 
very low coefficient of thermal expansion. It is convenient to express the overall temperature 
coefficient of the modulus as the sum of two terms: the pure volume term (temperature constant) 
and the pure temperature term (volume constant). The low coefficient of expansion plays a double 
role in leading to an overall positive temperature coefficient for the moduli: it reduces the pure 
volume term essentially to zero and it changes the pure temperature term from a negative to a 
positive one. No conclusions can be drawn about the structure of vitreous silica from the anomal- 
ous behavior of its moduli, since this behavior is essentially a reflection of the anomalously low 
coefficient of thermal expansion. The important unsolved problem is the theoretical elucidation of 


the thermal expansion of this substance. 


1. INTRODUCTION 
THE anomalous positive temperature coefficients 
of the elastic moduli of vitreous silica have been 
studied experimentally in considerable detail in the 
years. The measurements of Marx and 
showed that Young’s modulus (£) for 
increases continuously with increasing 
(T) from —170 to 1000°C. The E 


is essentially linear from 25 to 


last few 
SIVERTSEN 
fused silica 
temperature 
versus 7’ curve 
1000°C. These unusual results were fully con- 
McSkIMIN®) over the temperature range 
40°C. He also showed that the shear 
s a function of temperature behaves in 


firmed by 
-200 to 
modulus a 
the same way as Young’s modulus. FINE et al.) 
extended the measurements to liquid-helium tem- 


perature and showed that there is an internal- 


friction | the neighborhood of 35°K at 50 
100 ke and a minimum in the moduli near 60°K. 
the moduli (Young’s modulus, shear 

also Poisson’s ratio increase con- 


ncreasing temperature. 


uggested 4-5) that this dependence of 


luli of vitreous silica on temperature 
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cannot be reconciled with the current view of its 
structure, namely the random-network hypothesis 
of ZACHARIASEN ®) and WarRREN."?) Vitreous silica, 
however, is anomalous in another important re- 
spect, since it has a very low (and at low tempera- 
tures negative) coefficient of thermal expansion. 
Thus, one can ask the following question: should a 
solid of very low coefficient of thermal expansion 
possess a positive modulus-temperature coefficient 
over some temperature range? The purpose of the 
present note is to examine this problem theoretic- 
ally. We might anticipate the answer by stating 
that a very low coefficient of expansion implies a 
positive modulus-temperature coefficient for a 
Born-von Karman-type solid at elevated tempera- 
tures. ANDERSON'§) examined this problem in- 
dependently for a Debye solid and came to the 
same conclusion. He had to assume, however, that 
the Debye temperature and Poisson’s ratio increase 


with increasing temperature. 


2. THEORETICAL FORMULATION 
Any modulus, M, may be considered as a func- 


(9) 


tion of volume and temperature, 


M = M(V,7). (1) 
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The temperature-dependence is then given by 


dM oe eV eM 
dT oe ‘) + +(—) 


With the use of the coefficient of thermal expan- 
sion, 


1 (eV 


oF 


Equation (2) may be written in the form 


dM (OM oM 


dT oT) 453 " 


Equation (3) may also be put in the alternative 
form 


iM oM\ /eM 
a —Ka| ; = I | T | 


where K is the bulk modulus given by 


P 
K=-r(<) . 


If «is negligibly small, then it is clear from equa- 
tion (3) that the sign of (dM/dT) will be governed 
by the sign of (CM/0T),. The purpose of this paper 
is to evaluate the two partial derivatives in equation 
(3), with particular emphasis on the (0M/0T), 
term. 

In the following an isotropic solid will be treated 
for which all elastic properties are defined by two 
moduli, the bulk modulus, K, and the shear 
modulus, yw. Pure dilatation, €;, and pure shear, ¢o, 
will be used as the two corresponding strains. If A 
is the Helmholtz free energy of the system, then 
the bulk and shear moduli are given by 


OF sens 
I 


where V9 is the molar or atomic volume at 7' = 0. 
The Helmholtz free energy is expressed as a func- 
tion of strain and temperature, in the usual way, 
by the equation 


A(e1, €2, T) =f (a1, €2)+kT UIn(1—e*"/*?) (6) 
t 


where f is a function of the strains only and the v; 
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are functions of the strains but not of the tempera- 
ture, and where the zero point vibrations have been 
neglected. At wid finite temperature and zero 
pressure, €; = €,9, where «,° represents the dilata- 
tion due to thermal expansion. Let the function f 
be expanded around «9 in a power series.* This 
yields 


Ff (a1, 2) =f (1°, 0) +fi(er®, 0)(e1 -€2°) + 
+fo(e1, O)eo+3[fir(er®, 0)(€1 —€1°)?+ 
+ 2fi2(€1°, 0)(€1 —€1° eo +foo(er, O)eo”]+ ... 


where 


~« élny, 
= fitfiles—e)+fizeo+ a7 


O€] Ce] 
where 
Y = hye /kT—-1)"1 (9) 
and fi, fi, etc., are functions of ¢;9 only. The 
derivative of f; with respect to €; is zero, and there- 
fore, the bulk modulus is given by 


K’ = KVo i> 
er ad 


|: Yéelnvy, _@lnvy, 


rvalay 


Cey Ce] 
with an identical expression for the shear modulus, 
u’, except that fi; is replaced by fos and 
Since 


€] by €92. 


olny, 


( o(1— ean) 
Oe 11) 
the final expressions for the two moduli are 


K’ = fix(a®, 0)+ 


éln p, ) y( ‘oa _e ' 


C€j 





* This approach was suggested by some work of 


HUNTINGTON. (2) 





3s 


(13) 


gh temperature hyj/kT — O and Y — kT and, 
e, the first term in the brackets of equations 

1 (13) approaches zero. At low temperature 
m dominates and the second term may 


be neglected. The derivatives with respect to tem- 


perat ure are 


pi OXimations 


evaluated next in these two ap- 


(a) Temperature derivatives at constant volume at low 
temperature 
At low temperature the derivatives are given by 


hy 9 


derivatives expressed by equations (14) and 
(15) are negative and approach zero at absolute 


zero because Y -> 0 as 7'->0. Thus, at low tem- 


perature the pure temperature terms are negative 


if 


(b) Temperature derivatives at constant volume at 
high temperature 


At high temperature the derivatives are given by 


. ~ co* Ini 


€1° 


(16) 


— 
i 


S co2|n1 
hi —, (17) 


homed > 
t 
In order to evaluate equations (16) and (17), 


one must estimate the second derivative of the 
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frequencies with respect to the strains. ‘This may 
be done as follows on the basis of a one-dimensional 
model. Let the potential be expanded to fourth 
Thus, 


(18) 


The force constant is given by the second deriva- 


term in the distance between the atoms, x. 


V(x) = ao(x—x9)? —a3(x—x9)? + a4(x—X0)!. 
tive, namely 
C(x) = 2a2—6a3(x—xo)+12a4(x—x9)?. (19) 


In such a Mie—Gruneisen model with nearest- 
neighbor forces (12), the frequency is proportional 


to C! and, therefore, one may write? 
d? Inv 1 d?In(AC) 
2 dx? 
d [ —6ae+24a4(x—x9) 
dx 2a2—6a3(x—X0) 


a 4a, — 


] — (v—X9) 





(20) 


It is clear from equation (20) that whenever the 
coefficient of thermal expansion, a3, 1s small and 
a, > 0, the second derivative of the frequency 
with respect to the strain will be positive. ‘Thus, at 
high temperature and for small thermal expansion 
the pure temperature terms are positive. 

Several comments concerning this derivation are 
in order. The results of the one-dimensional model 
can be extended to the 
although this extension is not fully rigorous be- 


cause of deformations perpendicular to the bond 


three-dimensional case, 


directions. This correction is generally small.) In 
the argument above a4 was taken to be positive. 
There is no rigorous proof of this assignment, but a 
positive value for aq is probably a rather general 
one since it is easily shown that aq is positive for 
inverse-power and Morse potential functions. 
The main result has now been derived. It can 
be seen from equation (3) that for negligibly small 
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thermal expansion the second term of that equa- 
tion, namely the pure temperature term, determines 
the sign of dM/dT. Equation (20) shows that the 
pure temperature term will be positive at elevated 
temperature under the same condition, namely, a 
negligibly small thermal expansion, provided that 
a4 is positive. It is possible, of course, that a4 is 
negative for vitreous silica and that, therefore, the 
above model is not applicable to this substance. 
The theory strongly suggests, however, that the 
anomalous temperature-dependence of the modult 
and the anomalously low thermal expansion are 
intimately connected as outlined in this theory. 

Although they are not needed for the main point 
of this paper, the pure volume terms are also given 
below for the sake of completeness. 


(c) Volume derivatives at constant temperature at 
low temperature 


At low temperature the volume derivatives are 


OK’ 


9 a 


(21) 


with a similar expression for the shear modulus. 
Upon carrying out the differentiation, the results 


are 


Sl! In py, 
- Ue) 


3Y 2Y2 hy 


k r| Pa 1 
RT) 3 22T2) RT 


The term in the brackets is positive, and since 
Of/Ce,® is expected to be negative the pure volume 
terms may be either positive or negative at low 
temperature (this term need not approach zero 
as T'-» 0, since it is multiplied by the coefficient of 
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expansion, «, in the complete expression for the 


modulus and « -> 0 as 7 -> 0). 


(d) Volume derivatives at constant temperature at 
high temperature 

At high temperature the expressions for the 
moduli are 


— 62 In V; 
filer +aT ~a (24) 


Upon differentiation with respect to €«; one obtains 


OK’ of : 
—+kT % 


C€] T C€] 


o3 ln V; 


3 0 


Ce]? €] 


(26) 


a | 


The third derivatives of the frequencies with re- 
spect to the strains are expected to be small (zero 
in the approximation of equation (20)). The 
Of,/O«,9 terms are expected to be negative and, 
therefore, the pure volume terms are probably 
negative at elevated temperatures. 

The final results are summarized in ‘Table 1. 


Table 1. 
pression for the temperature coefficient of the modulus 
(equation 3) 


The sign of the various terms in the ex- 


High temp. 


Term 0°K | Low temp. 


Large « | Small « 


- coefficient of thermal expansion. 
dM oM oM 
a ak 

dl .C J T | 
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3. DISCUSSION 
The following points can be made on the basis of 
the theoretical work of the previous section: 


(1) Most solids are characterized by appreciable 


thermal expansion and, consequently, by a nega- 


tive temperature coefficient of the moduli. In those 


the pure volume and pure temperature 


been investigated) (by means of 
of moduli with pressure) both terms have 
be negative (x is large in all these 


substance of low thermal 


« 


xpansion coefficient plays 
ft the 


1] a 
smaliness of @ 


hermal ¢ 


roies in reversing th 


le sign < 

(a) the 
gative volume term and (b) at 
pure temperature term becomes posi- 
ated temperatures. 


pure volume 


en assumed all along that 
1 
\ 


mall compared to dM/dT.. One 
basis of equation (4), using the 
From the data 

60 to 40°C 


f the bulk 


* the modulus 


Dow, li 
the bulk modulus with 


and one can 
mensionless coefficient is about 
lecreases with increasing tem- 


10-6 and K 10911. 


3-65 


A 
CIN 


—Kz| 


cP T 
0-6 x 10% dynes em-</-C 


which is very small compared to the total dK dT of 
12-3 


assumptions made in this paper. 


107 dynes cm-2/°C, in agreement with the 


(4) The density of vitreous silica can be ap- 
preciably increased by reactor irradiation. In some 
recent work MAYER and Gicon“!4) found that there 
is a corresponding increase in the modulus. 
Further, preliminary measurements by Mayer “9? 
indicate that the coefficient of thermal expansion 


decreases upon irradiation and that there is a 
corresponding increase in the positive temperature 
coefficient of Young’s modulus. These experi- 
mental results are in qualitative agreement with the 
theory proposed in this paper. 

In some ways the results given here are dis- 
appointing. The theory indicates that the anomal- 
ous modulus-temperature behavior is simply a 
consequence of the small coefficient of thermal ex- 
pansion for silica. Consequently, one can conclude 
nothing about the structure of silica from this 
anomalous behavior. What is required is an ex- 
planation of the thermal expansion behavior of this 
substance based on first principles, a problem 


which has not been solved. 
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Zusammenfassung — Es wird eine neue Methode zur Messung des Dampfdruckes einer binadren 
Verbindung an ihrem kongruenten Schmelzpunkt beschrieben. Diese Methode lisst sich ol 
weiteres allerdings nur anwenden, wenn die Verbindung die folgenden Bedingungen erfiillt: In 
einem offenen System sei der Schmelzvorgang inkongruent, wahrend ein kongruentes Schmelzen 
im Gleichgewicht mit einer Dampfphase, die nahezu nur aus der leichtfliichtigen Komponente 
besteht, mdglich sei. Die Léslichkeit der Komponenten in der betrachteten festen Verb g sel 
vernachlassigbar. 

Die Methode besteht im wesentlichen darin, dass eine Schmelze zum einseitigen Erstarren 
gebracht wird, wobei der Gleichgewichtsdampfdruck von Versuch zu Versuch geandert wird. Der 
gesuchte Dampfdruck war vorhanden, falls ein so hergestellter Kristal] vollstaéndig frei von Ein- 
schliissen ist. Dieser Dampfdruck wird berechnet aus der Menge der leichtfliichtigen Komponente, 
die sich zur Zeit des Erstarrungsprozesses in der Dampfphase befand. 

An einigen A! BY—Verbindungen wurden Messungen durchgefiihrt und dabei die folgenden 
Werte fiir den Dampfdruck am Schmelzpunkt ermittelt : InAs : 0,25 atm. ; GaAs: 0,89 atm 
InP > 15,5 atm. ; GaP > 13,5 atm. Einige Folgerungen fiir die Herstellung und das Umschmelzen 
von Verbindungen der genannten Art werden diskutiert. 


Abstract—A new method for the measurement of the vapour-pressure of a binary compound at its 
melting point is described. This method, however, is only applicable if the following conditions are 
met : 

The melting process must be accompanied by a decomposition of the compound in an open system, 
whereas a melting without decomposition must occur, if the melting takes place in equilibrium with 
a vapour phase consisting almost entirely of the high-volatility component of the compound and if a 
certain pressure is applied. The solubilities of the components in the solid compound must be 
negligible. 

The proposed method consists substantially of a normal freezing of a melt in equilibrium with a 
vapour phase. Freezing processes are carried out under different pressures. If the resulting solid con- 
sists completely of a single phase, the chosen vapour pressure equals the equilibrium-vapour- 
pressure of this compound at the melting point. This vapour-pressure can be calculated from the 
amount of the high-volatility component in the vapour phase during the freezing process. Measure- 
ments on some A!!BY-compounds gave the following values : InAs : 0,25 atm. GaAs : 0,89 atm. ; 
InP > 15,5 atm; GaP > 13,5 atm. Some conclusions about the preparation and the remelting of 
compounds of this kind are discussed. 


1. EINLEITUNG Die Verbindungen schmelzen nur unter einem 
Diz biniren Systeme In-As, Ga-As, In-P und _ nicht vernachlassigbaren Dampfdruck der leichter- 
Ga-P sind gleichartig aufgebaut. Sie enthalten bei _ fliichtigen Komponente B (As bzw. P) kongruent, 
50 Atomprozent eine Verbindung der Art AB wiahrend sie sich beim Erhitzen in einem offenen 
(A = In bzw. Ga; B= As bzw. P), wahrend die ‘Tiegel in eine A-reichere Schmelze und einen 
Teilsysteme A—AB bzw. AB-B eutektisch aufge- B-reicheren Dampf zersetzen.©-6) Systeme dieser 
baut sind, wobei das Eutektikum z.T. entartet ist, Art sind schon friiher eingehend beschrieben 
und die Existenzgebiete der Einzelphasen A, AB worden.) 
und B sehr eng sind. 1.2.3.4,9) Seit der Halbleitercharakter der genannten 
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und naher untersucht 


tellt sich immer dringender die 


ai 1.<(8 
entadeckt 
Verbindungen in_ einphasiger, 


ichst einkristalliner Form her- 
genaue Kenntnis des 
Form 
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s in der allgemeinen 


wiinschenswert 
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alle rdings aus, 


Schmelz] 
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thermodynamischen 
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Weise. Entweder wurde er nach der ,, l'aupunkts- 
methode‘* bestimmt,“ oder es wurde an der 
kaltesten Stelle des Systems dauernd ein Boden- 
kérper der leichtfliichtigen Komponente B auf- 
rechterhalten, dessen ‘Temperatur den Druck p im 
gesamten System bestimmt. ?* 
Die so ermittelten Werte 
wichtsdampfdruck ps; am Schmelzpunkt sind in 
Die Werte stimmen unter- 


fiir den Gleichge- 


Tabelle 2 verzeichnet. 
einander sehr schlecht iiberein, so dass eine Nach- 
prifung mit einer weiteren Methode, die die Feh- 
lerquellen der bisherigen Methoden ausschliesst, 


als zweckmissig angesehen wurde 


3. MESSMETHODE 


Die hier angewandte Messmethode  unter- 
scheidet sich in zwei wesentlichen Punkten von den 


bisher bekanntgewordenen: (Absatz 2) 

(x) Der Dampfdruck wird direkt am Schmelz- 
punkt gemessen 

(8) Die 
schieht nicht im Umweg iiber Dampfdruckkurven 


Berechnung des Dampfdruckes ge- 


des Bodenkérpers der leichtfliichtigen Kom- 


Man umgeht damit (insbesondere bei 


den Phosphiden) die 


ponents B 
Unsicherheiten, die durch 


die Polymorphie des Phosphors hervorgerufen 


folet verfahren : 
In ein Schiffchen aus Graphit oder bekohltem 
eine Menge a der schwerfliichtigen 
Komponente A eingewogen. Das gefiillte Schiff- 


rd daraufhin in eine Ampulle aus Quarz- 


] 
WIT 


Quarz 


In dieselbe Ampulle wird 

der leichtfliichtigen Kompo- 

die Ampulle etwa 

30 cm, Durch- 

das Schiffchen ist und sich 

iden Komponenten A und B an den entge- 
Enden der \mpulle be finden, sind 


la nach den 


naherungs- 
1 untere inande r 
leilsysteme 


im selben 
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sie zundchst nicht in unmittelbarer Beriihrung 
(Abb. 1). Ob die Ampulle ansonsten evakuiert oder 
zusatzlich mit einem neutralen Gas gefiillt wurde, 
ist fiir das weitere Geschehen ohne prinzipielle 
Bedeutung, da durch eine solche Gasfiillung 
lediglich eine Dampfung der _ Reaktionsge- 
schwindigkeit erreicht werden kann. 

Die Mengen a und db sind so gewahlt, dass daraus 
gerade die stéchiometrische Verbindung AB 
gebildet werden kann, wahrend Ad einen bestimm- 
ten Uberschuss der Komponente B darstellt. 











—J 
A 











ial 











Schitfchen mit Halterohr 


Schmeize 


Versuchsanordnung 


(schematisch) 
Ass. 1. Versuchsanordnung (schematisch). 

Die so vorbereitete Ampulle wird in einen 
,,4wei-T'emperatur-Ofen“ eingefiihrt. Die eine 
Temperaturzone 7 umfasst den Teil der Ampulle, 
der das Schiffchen enthalt, die andere 'Temperatur- 
zone T> den Teil mit der Komponente B. Darauf- 
hin wird 7}; zunichst erhdht bis etwas iiber den 
Schmelzpunkt der herzustellenden Verbindung 
AB (T; > Ts). Danach wird auch die Temperatur 
Tz erhéht. Der Dampfdruck iiber der Kom- 
ponente B beginnt zu steigen, der Dampfraum 
beginnt sich mit dampfférmigem B zu fiillen, und 
die Schmelze beginnt B aus der Dampfphase auf- 
zunehmen. Der Gleichgewichtsdampfdruck iiber 
der Schmelze bleibt immer (auch in der Umgebung 
der stéchiometrischen Konzentration) fiir gleiche 
‘Temperaturen wesentlich kleiner als der Gleichge- 
wichtsdampfdruck des Bodenkérpers. Daher wird 
bei einer Temperatur 7) = Tp < Ts der Boden- 
kérper verschwunden sein. Der Grossteil von B 
befindet sich nun in der Schmelze, wahrend ein 
kleiner Teil sich in der Dampfphase befindet und 
ihren wesentlichen Teil ausmacht. Die Zusammen- 
setzung der Schmelze wird nach der beschriebenen 
sein — also 


Versuchsfiihrung — st6chiometrisch 


gleiche molare Mengen an A bzw. B enthalten — 


U 
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wenn die Zusatzmenge Ab gerade ausreicht, um 
den Gleichgewichtsdampfdruck ps; zu bilden. 

Das weitere laiuft also darauf hinaus, erstens die 
Stéchiometrie der Schmelze festzustellen und 
zweitens aus der bekannten eingewogenen Menge 
Ab den Dampfdruck zu berechnen. Dazu wird 
die Ampulle, die sich zunichst z.T. im Ofen 1 mit 
der Temperatur 7; > TJ; und zum anderen Teil im 
Ofen 2 mit der Temperatur TJ, (Abb. 1) befindet, 
langsam (~ 1 mm/min) in den Ofen 2 geschoben, 
so dass nach und nach die ganze Ampulle die 
Temperatur 75 annimmt.* Dabei wird 72 konstant 
gehalten, auf einem Wert zwischen 7'z und 7';. Da 
Tz unterhalb der jeweiligen Schmelztemperatur 
T, der Verbindung liegt, erfolgt im Schiffchen 
ein gerichtetes Erstarren. Anschliessend wird die 
Ampulle auf Zimmertemperatur abgekiihlt und 
geéffnet. Der im Schiffchen befindliche Kristall 
wird im allgemeinen weitgehend einphasig sein 
und aus der Verbindung AB bestehen, jedoch zeigt 
das zuletzt erstarrte Ende u.U. Abweichungen. 
Dabei haben wir 3 Faille zu unterschieden: 


(x) Der Kristall ist vollsténdig einphasig. In 
diesem Falle entspricht das eingewogene Ab gerade 
dem Gleichgewichtsdampfdruck der Verbindung 
AB am Schmelzpunkt. Wahrend des Erstarrens 
fand kein nennenswerter gerichteter Austausch 
von B zwischen Schmelze und Dampfphase statt. 

(8) Der Kristall zeigt am zuletzt erstarrten 
In diesem Falle ent- 

einem kleineren 
Die Schmelze war 
einen 


Ende Einschliisse von A. 
spricht das eingewogene Ad 
Dampfdruck als im Falle «. 

nicht stéchiometrisch, sondern 
Uberschuss Aa der Komponente A. Beim gerich- 
teten Abkiihlen kristallisierte aus dieser Schmelze 


enthielt 


zunichst einphasig stéchiometrisches AB aus. 
Dadurch verarmte die Schmelze weiter an B, so 
dass die Schmelze A-reicher wurde. Zwar wurde 


der B-Mangel der Schmelze teilweise durch 
Nachlieferung aus der Dampfphase wieder ausge- 
glichen, gleichzeitig sank dadurch jedoch der 
Dampfdruck. Gegen Ende der Erstarrung ist 





* Die Temperaturen wurden mit Ni/Cry,; Nisz,5 
Thermoelementen gemessen. Fiir InP, GaAs und GaP 
wurde der Ofen 1 weggelassen und dafiir die Schmelze 
induktiv erhitzt. Dies erwies sich als notwendig, da 
damit eine unnétig hohe Aufheizung der Quarzampulle 
vermieden wurde, welche sonst leicht zu Explosionen 
fiihrt. In diesen Fallen wurde die Temperatur 7, mit 


einem Strahlungspyrometer gemessen. 
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dieser Prozess soweit fortgeschritten, dass die 


nur noch aus A besteht. Der 
Masse Ein- 


Schmelze beinahe 
Kristall wird also in zunehmendem 
1 aufweisen, ja am zuletzt erstarrten 

beinahe aus A bestehen. Ein- 

1 werden allerdings nicht auftreten, 


ichlieferung von B aus der Dampf- 


nur 


ht, um vollstandig einphasiges AB zu 
Es wird dann der Fall « vorgetauscht. Die 


dadurch entstehende Ungenauigkeit der Mess- 


le wird um so geringer sein, je kleiner die 
Dampfmenge in Bezug auf die Stabgrésse ist. Bei 
gleicher Geometrie sind also die Messungen bei 
geringem Dampfdruck genauer als bei hohem. 
Daraus folgt, dass fiir InAs und GaAs die er- 
wahnte Ungenauigkeit keine Rolle spielt, hingegen 
bei den Phosphiden InP und GaP zu beriick- 
sichtige n ist 
\) } Der 
Ende Blasen (Lunker) auf. 
der Dampfdruck héher als im Falle « 


Kristall weist am zuletzt erstarrten 


In diesem Falle war 


gliche Schmelze war also B-reicher als 

AB entspricht. Zwar 
einphasiges AB aus, gleichzeitig aber wurde die 
noch B-reicher. Durch der 
se stieg daher der Dampfdruck. Gegen Ende 


kristallisierte zu- 


nachst 
Schmelze Austausch mit 
Dampfpha 
der Erstarrung ist dieser Prozess soweit fortgeschritten, 
dass an der Erstarrungsfront das jeweils tiberschiissige B 
nicht vollstandig an die Dampfphase oder Restschmelze 
abgegeben werden kann und daher als Gasblaschen vom 
Das Verfahren ist zwar hier 

4, weil ein Teil der in der 


eingeschlossen wird 
ksam wie im Falle 


gereicherten Komponente B in den Dampf- 


Kristal] 
nicht so wit 
Schmelze an 
raum entweichen kann und somit im Stabende nicht 
I aber ande- 


B wie 


gasfOrmig eingeschlossen wird und eine 


mehr erfassbar ist. Die Erkennbarkeit wird 


durch den Umstand, dass 


it zu beobachtende 


Fiir InAs und GaAs liess sich so durch Variation 
von Ad der stéchiometrische Fall « mit Ab Ab** 
Fir InP und GaP 
machte sich der vorhin beschriebene systematische 
Fehler | 
grosseren Dampfdruckbereich vorgetauscht wurde. 
Der Fall y kor 
hohe 
iglich 
Die Berechnung des Gleichgewichtsdampf- 
gemessenen Ab‘!-Werten ergab 
Der Druck ps; 


auf etwa genau angeben 


rk bemerkbar, so dass der Fall « fiir einen 


nte nicht erreicht werden, da er der 
Drucke wegen experimentell schwer zu- 


+ 


“ae fee 
aqaruckes aus de! 


sich wie folgt: vird einfach mit 


FOLBERTH 


Hilfe der idealen Gasgleichung berechnet. Korrek- 
turen wegen Nichtidealitat des Dampfes wurden 
vernachliassight, da die in Frage stehenden Drucke 
und ‘Temperaturen recht weit entfernt von den 
Daten sind (fiir Arsen 7). ~ 1400°C; 
948°C, p, 80 atm.) Es 


kritischen 
fiir Phosphor: 7, 


gilt also 


ps = 1.R.T,,|V (1) 
Dabei bedeutet 

n Anzahl der Mole Dampf 

x allgemeine Gaskonstante 
T mittlere absolute Dampftemperatur 
V Dampfvolumen 
n ist aus Ab ohne weiteres zu berechnen, wenn die im 
Dampf vorhandene Molekiilart bekannt ist. Fiir Arsen 
Druck-und 'Tem- 
mit As,-Molekeln zu 
rechnen sein.{?) Ein kleiner Bruchteil 
Aso-Molekiile zerfallen, doch kann das in guter Naherung 
vernachlassigt werden 

Uber die Molekiilart von Phosphor gibt es zwei ltere, 
14) Auf Grund neuerer 
Arbeit 


diirfte in den hier interessierenden 


peraturbereichen, weitgehend 


davon ist in 


sich widersprechende Arbeiten.‘'* 
kritischer Uberlegungen(®.'®) darf die von A. 
und Miuitarbeitern''*) als zutreffend anzusehen 
Danach hat man bei einem Druck von 1 atm und 
und bei 1000°C mit 90% P,- 


Diese Prozentsatze diirften mit 


STOCK 
sein 
800°C mit 99 
Molekiilen zu rechnen 
steigendem Druck noch hoher liegen, 
dieser Arbeit durchweg mit P,-Molekiilen rechnen diir- 
fen, ohne einen nennenswerten Fehler zu machen 

Tm = die mittlere T’emperatur in K, unter der das 
System steht. Die Temperatur in der Ampulle ist nicht 
in die 


noch 


so dass wir in 


einheitlich, so dass eine mittlere Temperatur Ji 
Zu Beginn des 
Erstarrungsprozesses befindet sich etwa die Hialfte der 
die andere Halfte auf 


Gleichung (1) eingesetzt werden muss 


Ampulle auf der Temperatur 7,, 
gegen Ende des Prozesses ist fast 
Wir werden 


der Temperatur 7); 
die ganze Ampulle auf der Temperatur 7, 
also fiir Tm im wesentlichen J, einsetzen und nur leicht 
nach oben korrigieren 
schied zwischen 7, und T, beliebig klein machen und 
In den vorliegenden Ex- 
perimenten wurde allerdings der T,-T; 
in der Gréssenordnung 100°C (InAs) bis 400°C (GaP) 
gewahlt, um einerseits stabile Abkiihlungs- und Erstar- 


Prinzipiell lasst sich der Unter- 
somit 7m sicher bestimmen 
l nterschied 


rungsbedingungen zu erhalten und um andererseits die 


Quarzampulle thermisch nicht unzuliassig hoch zu 
Diese Unsicherheit von Jy ist nicht sehr ent- 
scheidend, da ja in Formel (1) 7; 


eingeht. Man ist hierbei den anderen Methoden iiber- 


belasten 
nur proportional 


legen, bei denen die zu messende ‘lemperatur sehr 
viel empfindlicher (im wesentlichen exponentiell) in die 
Die Unsicher- 
diirften sich in einer Ungenauigkeit der 
und 


Be rechnung des Dampfdruckes eingeht 
t 

heiten in i 

zwischen 5 


berechneten Dampfdruckwerte 


10°, bemerkbar machen. 





(ss. 2. Schliffbilder vom zuletzt erstarrten Ende dreier 


InAs-Proben mit verschiedenem Uberschuss Ab (Ver- 

grosserung 50 mal). (Fall «) Ab = Ab*'= 50 mg. Die 

7) Ab = 40 mg. Die Probe 

enthalt gegen Ende (rechts) In-Einschliisse, die als 

helle Faden sichtbar sind. (Fall y) Ab = 60 mg. Die 
Probe enthalt gegen Ende Lunker. 


Probe ist einphasig (Fall 


[ facing p. 





ZUR FRAGE DES DAMPFDRUCKS DER VERBINDUNGEN 


V = Dampfvolumen der Ampulle. Es wurde jeweils 
durch Auffiillen der Ampulle mit Wasser und an- 
schliessender Messung des Wasservolumens in Mess- 
zylinder festgelegt. 


4. ERGEBNISSE 

Die Messergebnisse sind in Tabelle 1 zusam- 
mengefasst. Abb. 2 zeigt als Beispiel Schliffbilder 
von InAs. Das zuletzt erstarrte Ende wurde mit 
einer Diamant-Blattsige vom Stab getrennt und in 
Langsrichtung in zwei gleiche Teile zersagt. Das 
Bild zeigt diese Schnittflache ohne weitere Bear- 
beitung fiir 3 verschiedene Ab-Einwaagen. 


Tabelle 1. Messwerte 


Ab* n Tm V 
in Mol in “K in 
Litern 


in mg 


1000 
1050 
1020 
1100 


0,056 
0,034 
0,033 
0,070 


50 | 1,67.10-4 
110 | 3,68.10 
750 | 6.06.10 
1300 1,05.10- 


5. DISUSSION 
In Tabelle 2 sind die bisher bekanntgewordenen 
Messungen iiber den Gleichgewichtsdampfdruck 
am Schmelzpunkt fiir die hier untersuchten Ver- 
bindungen zusammengestellt. 


Tabelle 2. Gleichgewichtsdampfdruck ps einiger 
A'lIBY—Verbindungen am Schmelzpunkt in atm 


nach'®) nach(!!) 


0,33 
0,9 
60,0 


Aus Tabelle 2 ist zu entnehmen, dass die jewie- 
ligen Messwerte fiir InAs bzw. GaAs recht gut 
iibereinstimmen. Die Abweichungen liegen inner- 
halb der Genauigkeitsgrenzen beider Verfahren. 

Dagegen zeigen die Messwerte fiir InP grosse 
Abweichungen. Die Ursache kénnte in der schon 
erwahnten Polymorphie des Phosphors liegen, die 
in den Methoden nach®) und,“!) nicht aber im 
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vorliegenden Messverfahren, die Messwerte stark 
beeinflusst. Eine andere Fehlerquelle besteht darin, 
dass das Verfahren nach» bei Annaherung an den 
Schmelzpunkt ungenau wird. Die in dieser Arbeit 
mitgeteilten Werte fiir InP und GaP kénnen nur als 
untere Grenzwerte angesehen werden. Die Werte 
fiir den Gleichgewichtsdampfdruck am Schmelz- 
punkt liegen héher, der Wert von 60 atm fiir InP 
nach) diirfte richtig sein. 


6. FOLGERUNGEN FUR DIE HERSTELLUNG UND 
DAS UMSCHMELZEN DER VERBINDUNGEN 


Nach Verfahren 
lassen sich ohne 
bindungen einphasig herstellen,® 1? um- 
schmelzen.®1917 Im Falle von InP GaP 
braucht man dabei nicht den unangenehm hohen 
Gleichgewichtsdampfdruck am Schmelzpunkt auf- 
zubringen, sondern es reichen die in abelle 1 


angegebenen 
genannten 


dem in 3/e 
weiteres die Ver- 
und 


und 


angegebenen Werte, um bei Vorschubgeschwindig- 
keiten 1mm/min durchweg einphasige 
Kristalle zu erschmelzen. Verfahren dieser Art 
sind einfacher (und im Falle von P als leichtfliich- 
tiger Komponente auch sicherer) als Herstell- 
ungs-und Umschmelzverfahren, bei denen dauernd 
leichtfliichtigen Kom- 


von & 


ein Bodenkérper der 
ponente im Schmelzgefass vorhanden ist.'°-18) Das 
vorgeschlagene Verfahren ist allerdings nur dann 
ohne weiteres anwendbar, wenn die Léslichkeit der 
Komponenten in der festen Verbindung vernach- 
lassigbar ist. Eine héslichkeit konnte bei den hier in 
Frage stehenden Verbindungen bisher in keinem 
Falle (auch nicht mit elektrischen Methoden) 
nachgewiesen werden, was aber fiir halbleitende 
Verbindungen durchaus nicht allgemein giiltig ist 
(siehe z.B.)). Die beschriebenen Methoden lassen 
sich selbstverstindlich auch auf andere Verbin- 
dungen anwenden, soweit diese die genannten 


Bedingungen erfiillen. 


Fiir photo-technische Hilfe danke ich Herrn Dr. H. J 
HENKEL. 
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Abstract 


Fused germania (GeO,) contains an intense absorption band centered at 2445 A and 


caused by a reduced germanium species, probably Ge(II). This band has a half-width comparable to 


that of a band centered at 2429 A in certain fused silicas and produced by the same reduced ger- 


manium species contained as an impurity. The band in germania is bleached by ultraviolet light and 
X-rays accompanied by an increase in absorbency below 2200 A. The energy gap for fused germania 


is slightly higher than a value published for hexagonal germanium dioxide, which indicates the latter 


is probably in error. The infrared spectrum of fused germania is also presented. 


1. INTRODUCTION 
DENNIS and LAUBENGAYER") produced the first 
optical-quality fused germania by heating the 
crystalline oxide in platinum at 1400—1425°C (20 
min) and stirring with a platinum rod. The im- 
purity content was given as not more than 0-2 per 
cent. It was found that a 2:5-mm-thick wafer did 
not transmit light below 3250 A. 
SHAW”) 
germania from the same source") and found the 
transmission cut-off at 315 my for a 2 


aa 


investigated the spectrum of fused 


mm_-thick 
sample. He reported infrared bands at 2-86, 4-24, 
and 5-40 yp (inflection) and found the long-wave- 
length transmission cut-off at 6-15 yx. The present 
work is not in agreement with this earlier infrared 
work, as will be discussed in a following section. 

KREIDL and HENSLER®) found the ultraviolet cut- 
off at 280 my for a 2:-51-mm-thick sample of high- 
purity fused germania, using the same source of 
crystalline germanium dioxide as that used in this 
present work. 

Earlier COHEN) discussed the ultraviolet spectra 
of two thin sections of high-purity optical-quality 
fused germania, using a Beckman DU Spectro- 
photometer. He found an optical density of 1-940 

* Presented before the Philadelphia Meeting of the 
American Physical Society in March 1957 (Bull. Amer. 
Phys. Soc. 2, 150 (1957)). 

+ Pittsburgh Plate Glass Company Fellowship. 


301 


at 272-5 mp in a 72-y-thick wafer, and in a 100-p- 
thick wafer he found an absorption maximum at 
245 mp with k = 3-6x10? cm-!. In the latter 


specimen the absorption edge was at 222 muy. 
These specimens were from the same batch of 


fused germania as studied here. 


2. EXPERIMENTAL 

Materials used 

The hexagonal crystalline form of germanium dioxide 
was obtained from the Eagle-Picher Company, Miami, 
Batch No. M-86 ot No. 1-—2329-802. 
Company analysis: Si 5-8, Mg 0-3, and Ca 2:6 ppm. The 
of the this 
laboratory are given in Table 1. 


Oklahoma, 


L 


results emission analyses carried out in 


Table 1. Emission analyses of germanium dioxide 


Content in Content in Limit of 


[Impurity starting glass pro- detection 


material* duced* (ppm) 


(ppm) (ppm) 
N.F. 
10 
3(?) 
N.F. 
trace (?) 
N.F. 


10 
10 
10 
10 





veen 
not found. 


* Absolute values betv 


dicated. N.F. 





(sermanlul 
tinum crucible and covered with a platinum 


cleaned p] 


lid. This 


with a fused 


germaniun 


diftracti 


a> 


watering 


down 


cerium 0+ 


specimen 


meter to 


lita 1104 


globar furnace 
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s preparation 


dioxide powder (41°5 g) was placed in a 


laced inside a fused silica crucible fitted 
lid. The material was heated slowly to 
The glass was allowed to 


temperature for several hours and then 


the furnace and allowed to cool in air with- 


The resulting colorless glass was of optical 


Absorbance 
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were taken on a Cary Model 14M Recording Spectro- 


photometer, Serial 66. 


Irradiations 

The X-ray irradiations were 
Industrial X-ray Unit designed for continuous operation 
at 50 pkV, 40 mA. The tube used was a Machlett 
AEGSOT with tungsten target and beryllium window. 
The irradiations were at 45 pkV, 35 mA, 6 cm from the 


made with a Picker 








Fic. 1. Bleaching of the 2445 A band in fused germania of 80 yu 
thickness with ultraviolet light 


.o8 . . 1 1 
bubbles. Polished surfaces slowly 


ling to the hexagonal form 


< 


spectra measurements 


were prepared for « 


netal-bonded diamond whee 
sives, and finall t 
¥ compound 


is ol 


0-001 mm. All of the absorption spectral data 


ol 


letermined by X-ray powder 


yptical studies by 
ls, grinding 
polishing with 
The thickness of the 


a metric measure micro- 


ay tube window. The dosage rate is in the order of 


10° r hr in air at the surface of the wafer. The ultra- 


Wa 
2 


r 
f 3 


violet bleaching was done with a General Electric UA-3 
360-W photochemical lamp. All irradiations and optical 


measurements were performed at room temperature. 


3. RESULTS AND DISCUSSION 

Since earlier workers"-3) reported the absorp- 
tion edge in fused germania at various longer wave- 
lengths than the absorption band of a reduced 





ULTRAVIOLET AND 
germanium specics contained as an impurity in 
certain fused silicas,4) it was proposed to study the 
absorption spectrum of fused germania in thin 
section in order to determine whether an absorp- 
tion band were present in the region of 242 mu. 
The absorption spectrum of an 80--thick speci- 
men is shown in Fig. 1. The spectrum is indeed 
characterized by a band at 2445 A. On long stand- 
ing in light this band was found to slowly decrease 
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Fig. 3 shows the apparent growth of the long- 
wavelength tail of the absorption edge at 2450 A 
on X-irradiation of the fused germania after 16 hr 
of optical bleaching. ‘There is no growth in the 
2445 A absorption band itself upon X-ray treat- 
ment; all of the growth is confined to a band or 
bands at lower wavelengths. X-ray treatment of a 
specimen of fused germania that has aot been 
optically bleached gives the same results as optical 





Absorbance 














15 20 


Time of Irradiation in Hrs. With UV 


Fic. 2. Bleaching in the 2450 A region in fused germania 
of 80 » thickness with ultraviolet radiation. 


in absorbance. The band bleaches at a much greater 
rate when illuminated with ultraviolet light, as 
shown in the second and third curves in Fig. 1. It is 
to be noted that the bleaching of this band at 2445 
A is accompanied by an increase in the absorption 
on both sides of the band, indicating that the ultra- 
violet light or the resultant bleaching of the band 
causes a more intense growth at shorter wave- 
lengths. Since the absorption coefficient in this 
ultraviolet region is so high as to give an apparent 
absorption edge, the band growth could not be 
followed. Fig. 2 shows the rate of decrease of the 
absorbance at 2450 A with ultraviolet radiation. 


bleaching. The 2445 A absorption band decreases 
while the absorbance of the apparent absorption 
edge increases. 

In the spectral regions studied, no color center 
bands are produced in this material upon X-ray 
treatment. If color centers similar to the 215 mu 
band in fused silica“) or to bands found recently in 
the vacuum region of fused silica‘) exist in fused 
germania, they are located below the apparent ab- 
sorption edge at 2200 A. It is planned to produce 
additional specimens of fused germania under 
oxidizing conditions to determine whether the 


apparent absorption edge is indeed the true one. It 
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Absorbance 














! 





0 


20 


Time of X-Ray in Hrs. , 45 PKV, 35 ma 


band 


he absorbance at 2450 A in fused germania 
not related 


in Figs. 1 


hr of optical bleaching; growth is 


Data from same specimen as 


and 2. 


1 j 
impurities in a reduced state 
germanium present unless 

| ]; 
VY OXIGIZIng condi- 


tion band at 2445 \ 
a band at 2429 A in 
reduced species of german 


. ; etl 
een discussed earlier 


in fused 


is laboratory are very close, the wi 
n the fused germania being 
mpared with 0-47 eV in the fused silica. It is con- 


led that the bands are due to the same reduced 


germanium species However, the number of 
reduced germanium species respon- 

le for the absorption band is over a thousand 
times as great in the fused germania as in the GE 
Type VI fused silica, assuming that the oscillator 
strength is the same in both media. If the fused 


germania were made under slightly more reducing 


. 
conditions, the intensity of the band could un- 


doubtedly be made so great as to give an apparent 
absorption edge. This could be the case in the work 


of earlier investigators 


Table 2. Comparison of the 2445 A ( fused germania) 
and 2429 A (fused silica) bands 


Absorption Width 


coefficient band 


Fused germania 


VI 


Calculated from 
fused silica 
spectrum of 
GARINO 
CANINAT 4-05 0-41 1-76 x 1018 


* Calculated using Smakula equation, where N is the 
number of centers and f is the oscillator strength. 


+ Fig. 2, curve 3 of reference 5. 
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(b) The energy gap 

PAPAZIAN®) has recently grown small crystals of 
hexagonal germanium dioxide and observed the 
ultraviolet spectrum. He finds the absorption edge 
to be at 2230 A, from which we calculate the energy 
gap as 5‘56eV. This compares with a value of 
2200 A for the absorption edge of fused germania 
in the present work, which gives 5-63 eV for the 
energy gap. However, MITCHELL and Pace") find 
that the energy gap in optical-quality fused silica 
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glassy form. However, in comparing the two values 
one finds they differ by only 0-07 eV, with the 
glass having the higher value. One concludes that 
the value in the hexagonal germanium dioxide is 
too low. This may be accounted for by the presence 
of trace impurity in this material. Therefore, from 
our analogy with the silica system, it is probably 
that the energy gap of crystalline germanium 
dioxide is somewhat higher than the value reported 
by Papazian. ®) 


Wave Length in Microns 


4 5 








T 








000 ~ 3000 


2000 


Wave Number in Cm7'! 


Fic. 4. The infrared spectrum of fused germania ~ 100 yu thickness. 


is 8-1 eV and that of crystalline quartz is 8-5 eV 
(k = 400 cm-!). The crystalline form thus has an 
energy gap 0-4eV higher than that of the glass. 
This difference is accounted for by the regularity 


of the crystalline quartz lattice in comparison with 


the amorphous state in fused silica according to 
these workers. Since hexagonal germanium dioxide 
is isomorphous with the z-quartz structure and the 
amorphous states of these Group IV elements are 
expected to be quite similar, it follows that one 
would expect the energy gap of the crystalline form 
of germanium dioxide to be greater than that of the 


(c) The infrared spectrum 

The infrared spectrum of fused germania is 
shown in Fig. 4, encompassing the region 2—15-5 y. 
The weak band at 2-86 » (3500 cm-!) which was 
mentioned by SHAW”) as being a characteristic 
absorption is undoubtedly due to the funda- 
mental —OH stretching vibration and is not char- 
acteristic of fused GeOs. It would be difficult to 
remove all traces of the band after long storage 
periods due to the ease of hydration of germania. 
It is probable that a portion of the band seen here 
was in the original glass when produced. The band 
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i by SHAW at 4-24 yw is absent in this speci- 
In the thin wafer studied here there is a 
brational band maximum at 6-94 y (1440 cm!) 


and one on the shoulder of this band at approxi- 


y 7:3 w (1370 cm=!). In addition there is a 
‘ry intense absorption between 9-35 yz (1070 cm=!) 
2-66 « (790 cm) and an absorption edge at 


. (645 cm!) 
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Abstract—The effect of neutron irradiation and subsequent thermal treatment on the electrical 
resistivity of «-phase Cu—Al alloys has been studied. It is found that a solid-state reaction that causes 
a decrease in resistivity is triggered or accelerated by irradiation at 32-45°C. The effect is absent in 
pure copper and increases with aluminum content. The resistivity decrease for the 15 atomic per 
cent aluminum alloy is about 0:2 1Q-cm. When the irradiation is conducted at —120°C, no decrease 
in resistivity is observed, but the decrease in resistivity sets in upon subsequent warming above 
— 50°C. Several explanations for these effects are discussed. 


1. INTRODUCTION 


IRRADIATION effects on metals and alloys have been 
studied from two points of view.+ In the case of 
pure metals, the attempt is made to prepare 
samples that are, as closely as possible, in an equili- 
brium state and to investigate the manner in which 
bombardment causes the material to depart from 
equilibrium by the introduction of lattice defects. 
For this reason pure noble metals, particularly 
copper, have been irradiated at low temperatures 
where the bombardment-produced defects are im- 
mobile and changes in physical properties are 
measured as a function of irradiation dosage at the 
low temperature and as a function of subsequent 
thermal annealing. In recent years, such experi- 
ments have been performed using neutron?) 
(below 25°K), deuteron4-® (below 20°K), and 
electron?) (near 10°K) irradiations at the tem- 
peratures indicated. In general, it is found that, at 
least in the early portion of the irradiation exposure 
a linear increase in electrical resistivity takes place 
and that the subsequent recovery upon raising the 


* Oak Ridge National Laboratory is operated by 
Union Carbide Corporation for the U.S. Atomic Energy 


Commission. 

+ Reviews of the effects of irradiation on solids have 
been given by DrENEs and VINEYARD,®) SEITZ and 
KoEHLER,!>) Brooks,“ and COTTRELL. (!®) 
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temperature occurs in a number of stages, with a 
range of activation energies, starting at tempera- 
tures as low as 30-40°K and continuing to above 
room temperature. The fact that the thermal re- 
covery is rather complicated even in the electron- 
irradiation case indicates that the annealing does 
not take place entirely by the simple recombination 
of vacancy-interstitial pairs. For this reason two 
consequences of the radiation seem likely to per- 
sist at higher temperatures: (1) damage clusters 
that result from the high density of displacements 
produced at the end of the path of a primary knock- 
on (cf. discussion by BRINKMAN'®»9)), and (2) 
vacancies, largely isolated or in small-number 
aggregates that remain after the higher mobility 
interstitials have become annihilated at grain 
boundaries, dislocations, or at the surface of the 
crystal. 

These effects have led, in alloys, to another 
method of investigating the nature of radiation- 
induced disarrangements. Alloys are useful for the 
study of atomic movements in solids for two rea- 
sons. Firstly, the properties of alloys are sensitive 
to the relative arrangement of the constituent 
atoms. Thus, large changes in properties take place 
upon ordering or precipitation from solid solution, 
and a study of these reactions upon irradiation 
gives information concerning atomic movements 
and how they are affected by the bombardment. 
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Secondly, there is reason to expect™®) that, be- 


cause of the interaction between vacancies and 


solute atoms, the energy of formation, ey, for 


vacancies in alloys is lower than in the pure metal, 


whereas the reverse is true for the activation energy 
ey. This would have the consequence 
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ation, “4 e production of vacancies 


transiorn 


which increases atomic mobilities, or the introduc- 
lation sites in the case of the anneal- 

lly-induced defects, thus reducing the 
yf jumps necessary for the annealing. For 

rt, previous investigators have con- 
‘adiation-induced vacancies to be the 
cause of accelerated reaction rates, although the 
matter is by no means settled at the present time. 
In any case, a comparison of the experiments on 
pure metals and alloys indicates a certain duality 
nature of radiation effects. 


in the In the case of 


pure metals, the sample is initially at equilibrium 
and non-equilibrium defects are produced by 


and 
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means of low-temperature bombardments. This is 
what one normally associates with the term “‘radia- 
tion damage’’. In the case of alloys, in many ex- 
periments the material is initially in a non- 
equilibrium condition, as for example an ordering 
alloy quenched from above the critical temperature 
or a precipitating alloy that has been solution- 
annealed and quenched, and the enhancement of 
the ordering or precipitation process is observed 
either during or after the irradiation. Thus, the 
irradiation has the effect of accelerating the return 
to equilibrium, often by permitting the reaction to 
proceed at a temperature below that which 1s 
normally possible. This is of practical significance 
in the case of alloys used in radiation environ- 
ments, since many alloys are prepared to have 
special properties by allowing an ordering or pre- 
cipitation reaction to occur to a critical point at a 
high temperature. The sample is then returned to 
room temperature, where it remains in metastable 
equilibrium because of low reaction rates. How- 
ever, if the sample is irradiated, the reaction rate 
may increase sufficiently to allow the properties 
to change significantly even at room temperature. 

The compositions of the alloys used in the 
the «-solid-solution 


field of the Cu—Al phase diagram and no ordering 


present investigation are in 


or precipitation reaction is expected. Despite this, 
it will be seen that the neutron irradiation triggers 
or activates a diffusion-controlled solid-state re- 
action that brings about a decrease in resistivity. A 
similar decrease in resistivity upon neutron 2.22 
and electron?) irradiation has been reported for 
x Cu-Zn alloys, which also do not display a super- 
3 


structure. An interpretation °2-°3) of these observa- 
tions was made in terms of the radiation enhance- 
ment of short-range order. In support of this view, 
Damask (4 
annealing of the resistivity of quenched, cold- 


has shown that the relaxation times for 


worked, and neutron-irradiated (at 50°C) samples 
are consistent with those obtained by stress-relaxa- 
tion measurements on annealed samples. @4:25) The 
conclusion that short-range ordering is the cause 
of the decrease in resistivity upon irradiation was 
then based on LECLAIRE and 
Lomer, 6) which relates the stress-relaxation effect 
to changes in lattice parameter upon short-range 
ordering. It will be indicated below that this con- 


the treatment of 


clusion is not necessarily valid. An attempt to 
detect short-range order directly by means of X-ray 
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and neutron diffraction met with negative re- 
sults.'°’) However, a measurement of order para- 
meters in Cu—Zn alloys by using diffraction tech- 
niques is difficult because of the similarity of the 
scattering powers of copper and zinc in the X-ray 
case and because of difficulties inherent in the use 
of neutron diffraction. It was believed possible 2?) 
that an amount of short-range order consistent with 
the changes observed by RosENnBLATT ef al. (22) 
could have existed and not have been detected by 
the diffraction experiments. 

The measurement of short-range order by X-ray 
techniques is more favorable for Cu—Al alloys, and 
this was one of the reasons that « Cu—Al alloys were 
chosen for the present study. Secondly, despite the 
lower « solubility limit (~ 18 atomic per cent 
aluminum at 750°C), the decrease in resistivity for 
Cu-—Al alloys near the solubility limit is larger than 
that for Cu—Zn alloys. Thirdly, the shortness of the 
half-life of the neutron-induced aluminum isotope, 
Al?8, makes aluminum a convenient element for 
radiation experiments. 

As will be described below, in-pile measure- 
ments at 35°C show that a sharp decrease in re- 
sistivity takes place in the early stage of the ex- 
posure. The resistivity then reaches a minimum, 
followed by a linear increase. The depth of the 
minimum increases with aluminum content and no 
decrease is observed for pure copper. When the 
irradiation is carried out at — 120°C, no decrease is 
observed, but there remains a linear increase of 
somewhat greater slope than that observed in the 
later portion of the exposure at 35°C. These results 
are analyzed in terms of two processes, A and B. 
Process A causes a linear increase in resistivity due 
to the direct effect of the bombardment in produc- 


ing defects. This process proceeds more rapidly 


when the irradiation is performed at a lower tem- 
perature, since less annealing (of the type ob- 
served ®) after irradiation at very low temperatures) 
goes on simultaneously with the radiation. On the 
other hand, Process B is a diffusion-controlled 
solid-state reaction that produces a decrease in 
resistivity that saturates with exposure at 35°C. 
Hence, in contrast to Process A, the rate at which 
Process B proceeds is greatly reduced by a de- 
crease in temperature. Thus, when the reaction is 
carried out at —120°C, it is completely suppressed. 
It will be seen, however, that if the sample is 
warmed above about —50°C after irradiation at 
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120°C, Process B will set in* and this procedure 
provides a convenient method for studying the 
kinetics of Process B and for determining its 
activation energy. 


2. EXPERIMENTAL DETAILS 


The alloys were furnished by the Metallurgy Division 
at ORNL in the form of homogenized and vacuum-cast 
ingots. Electrolytic copper was used of 99-92 per cent 
purity and the aluminum was of 99-99 per cent purity. 
The single-crystal samples were prepared by melting 
the homogenized material in a split graphite mold and 
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Towering the mold slowly through a temperature gradient 
in a vacuum furnace. The polycrystalline samples were 
swaged from the homogenized ingots. All the samples 
were } in. in diameter and received an anneal of several 
hours at about 750°C, followed by slow cooling at a rate 
of about 15°C/hr to room temperature. The grain size 
of the polycrystalline samples after this treatment was 
about 200 grains/mm?. 


* The statement that the rate of Process B is greatly 
reduced by decreasing the temperature requires some 
qualification. This is true for the case where Process B 
is carried out subsequent to irradiation at —120°C. But 
when Process B goes on in the reactor it appears to be 
retarded only below a critical range of temperatures 
below room temperature. As will be discussed, there is 
reason to believe that Process B is relatively temperature- 
independent when it goes on in the reactor above room 


temperature. 
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levels so that they could be handled in the laboratory 
At this time, they were removed from the liquid nitrogen 
and measured individually in the laboratory upon 
thermal treatment at higher temperatures. The experi- 
ments in Holes C and 1768 were performed at ambient 
reactor temperature. Changes in the resistivity due to 
variations in the temperature of measurement were Can- 
celled out, using the temperature coefficient of resistivity 
that was measured for each sample before the irradiation. 
In Hole C, polycrystalline samples of 0, 6, 10, and 15 
atomic per cent aluminum and one single crystal of 15 
atomic per cent aluminum were used. The samples in 
Hole 1768 were of 15 atomic per cent aluminum com- 
position and consisted of a single crystal and a poly- 
crystalline sample of 4 in. diameter and a polycrystalline 
wire 0-044 in. in diameter 

The resistivity measurements were made using stand- 
ard techniques. The double potentiometer method was 
used for the in-pile measurements. The leads making 
current and voltage connections to the samples were led 
out of the reactor through a shield-plug and into an 
adjacent room containing the measuring apparatus. For 
the out-of-pile isothermal annealing, a Kelvin-bridge 
circuit was used, In this case, the resistivity of the irradi- 
ated sample was measured with respect to a comparison 
sample of the same composition, and thermal fluctua- 
tions in the annealing bath tended to cancel out. The 
out-of-pile isochronal annealing measurements and the 
resistivity versus temperature measurements were made 
using the double potentiometer system. These measure- 
ments were made with respect to a calibrated external 


standard resistor 


3. RESULTS 
(a) Hole C Experiment 
Five samples were irradiated simultaneously at 
ambient pile temperature (~ 35°C) in Hole C; 
they were polycrystalline samples containing 0, 6, 
10 and 15 atomic per cent aluminum and one single 
crystal containing 15 atomic per cent aluminum. 


The changes in resistivity are plotted in Fig. : 


versus integrated neutron flux. It is seen that a de- 
crease in resistivity occurs in the early portion of 
the irradiation, whose magnitude increases with 
aluminum content. No decrease is observed for 
pure copper. The resistivity reaches a minimum, 
followed by a linear increase. The increase in re- 
sistivity continues linearly to exposure times of 
about 50 weeks, where a slight tendency toward a 
decrease in slope is noted. The long-time portion of 
the curves is not shown in Fig. 2. We have made an 


estimate of the contribution to the resistivity 
changes made by transmutation effects in the case 
of the 15 atomic per cent aluminum alloy. Four 


nuclear reactions were taken into consideration. 
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Fic. 2. Hole C 
The 69 per cent abundant ®Cu is converted to 
647 n and to §4Ni, whereas the 31 per cent abundant 
65Cu forms ®6Zn. Aluminum has only one stable 
isotope, 27Al, which becomes 28Si. The absorption 
cross-sections for these reactions were taken from 
the compilation of SULLIVAN, @9) and the contribu- 
tions to the electrical resistivity of the various im- 
purities were taken from the work of Linpe.?) 
When account is taken of the fractional amounts of 
each reaction, the total added resistivity due to 
transmutation effects is less than 0-002 »Q-cm 
after 22 weeks of irradiation or less than 1 per cent 
of the change observed for the 15 atomic per cent 
aluminum alloys upon irradiation. 

As mentioned above, the results shown in Fig. 2 
are considered to be the superposition of two effects. 


experiment: Change in resistivity (corrected to 20°C) versus exposure at 


35°C; 


The first of these, Process A, is the direct contribu- 
tion of radiation-produced defects, giving rise to a 
linear increase in the resistivity upon neutron ex- 
posure. Process A occurs for pure metals, as well 
as alloys, and is largely independent of tempera- 
ture, although it is expected to give a somewhat 
larger effect at lower temperatures where less 
simultaneous radiation-annealing takes place. On 
the other hand, Process B is a saturating, diffusion- 
controlled solid-state reaction that depends upon 
the presence of the aluminum atoms in solid solu- 
tion. It, therefore, occurs to a much lesser extent at 
lower temperatures. The superposition of the ob- 
served results is illustrated schematically in Fig. 3. 

The curves shown in Fig. 2 can be separated 
into Processes A and B by using the observed 
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slope of Process A past the minimum. The de- 
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saturation value 
The 


aluminum 


the circies 


rve. The slope of Process A also increases 
‘ather sharply with the concentration of aluminum, 
the increase in resistivity observed for pure 


copper prevents the fitting with a parabola through 
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the origin. However, there would appear to be no 
reason to expect the slope of Process A and the 
saturation value of Process B to have the same com- 


position dependence. 


(b) Hole 52 Experiments 

The results of the first Hole 52 experiment, con- 
ducted at 45°C, are shown in Fig. 5. A single- 
crystal sample and a polycrystalline sample were 
irradiated and measured at 45°C for 2 weeks, a 
time sufficient to reduce the resistivity to a value 
close to the minimum. The polycrystalline sample 
was observed to decrease somewhat less rapidly 
than the single crystal and to reach a somewhat 
lower value of resistivity at the end of the irradia- 
tion. Then, during the regular reactor-off period, 
the samples were step-annealed for periods of 30 
min and returned to 45°C for measurement bet- 
ween each anneal. The resistivity of both samples 
was observed to increase upon the step-annealing 
treatment, the single crystal having first decreased 
after annealing at about 160°C to the resistivity 
attained by the polycrystalline sample. After an- 
nealing at about 250°C, the resistivity exceeds the 
pre-irradiation value. At the time this observation 
was made, it was thought to be anomalous and in- 
herent in the difficulties of doing such in-pile an- 
However, it was later learned (Fig. 13) 
increases in resistivity are derived from a 


nealing 
that the 
quenching effect and take place in the unirradiated 
material as well. 

In the second Hole 52 experiment, the irradia- 
tion and the measurements were done at —120°C. 
The irradiation week, an 
amount of time sufficient to produce a decrease of 
0-17 ~Q-cm upon irradiation at 45°C. However, as 


was continued for 1 


can be seen in Fig. 6, no decrease in resistivity took 
place upon irradiation at —120°C and, in fact, a 
linear increase of about 0-005 »Q-cm in this period 
was noted instead. A step-annealing treatment was 
applied at the conclusion of the week-long irradia- 
tion, in which the sample was held for 30 min 
periods at increasing temperatures between —120 
and 160° 
measurement at —120°C. The results at the right 
of Fig. 6 show that the irradiation effect in produc- 
ing Process B can be stored in the samples to be re- 
leased upon subsequent raising of the temperature. 
Although there is some scatter in the step-anneal- 
ing data, it is apparent that the polycrystalline 


and returned between each anneal for 
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Hole 52, experiment No. 2: Changes in resistivity of Cu—Al (15 atomic per cent aluminum) 


versus neutron exposure at —120°C, followed by step-annealing. All measurements at —120°C. 


sample decreases in resistance somewhat less 
rapidly than the single crystal, as was the case for 
the experiments shown in Figs. 2 and 5. It was 
decided, as a result of this experiment, that the 
nature of the process responsible for the decrease 
in resistance could be better studied by irradiating 
the samples at —120°C and removing the samples 
without allowing them to warm-up, whereupon 
the kinetics of the decrease in resistance could be 
examined by isothermal and isochronal annealing 
in the laboratory. The results of such experiments 


are described in Section (d) below. 


(c) Hole 1768 Experiment 


the instantaneous fast-neutron flux is 


thought to be several times greater in Hole 1768 


Since 


than in either Holes C or 52, an irradiation at 
ambient pile temperature was carried out in Hole 
1768 on a single-crystal sample and a polycrystal- 


line sample of the 15 atomic per cent aluminum 


alloy. The results of this experiment are shown in 


Fig. 7; for comparison, the data for the experiments 


in Holes C and 52 are also plotted. It is to be noted 
that the abscissa is the time of neutron exposure 
rather than integrated neutron flux. When the 
data are presented in this way, the results of mea- 
surements in the three facilities superimpose, parti- 
cularly for the single crystals. This would indicate 
that Process B is rather insensitive to the magni- 
tude of the neutron flux at these flux levels. A 
44-mil Cu—Al wire of the same composition as the 
1-in diameter samples was also irradiated in Hole 
1768. No significant difference in behavior was 
noted for the wire as compared with the samples of 


larger cross-section. 


(d) Annealing Following Irradiation at —120°C 

Prior to irradiation, a number of single-crystal 
samples containing 15 atomic per cent aluminum 
were annealed and measured at —196°C and at a 
number of temperatures between —80 and 200°C. 
They were then irradiated in Hole 52 for the 3 
weeks at —120°C, removed from the reactor, and 
placed in liquid nitrogen. The transfer was made in 
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Fic. 7. The change in resistivity upon irradiation versus 
time in three facilities of the ORNL Graphite Reactor. 
Cu-Al (15 atomic per cent aluminum) alloy. 


such a way as to minimize warming the samples in 
the process. The samples were stored in liquid 
nitrogen for at least several weeks to allow them to 
We estimate from the linear 


decay radioactively. 
experi- 


increase observed in the second Hole 52 
ment (Fig. 6) that the samples should have in- 
creased in resistivity by about 0-014 ~Q-cm as a 
result of the irradiation. A measurement at — 196°C 
was made on each sample before the annealing 
studies were begun, in order to determine whether 
the samples had warmed sufficiently during re- 
moval from the reactor or handling in the labora- 
tory to permit any decrease in resistivity to take 
place. For each sample, this measurement at 
— 196°C showed that the resistivity had not de- 
creased below the pre-irradiation value, although 
in most cases values less than 0-014 »Q-cm above 
the pre-irradiation values were obtained. 

The results of annealing in the range 0-34°C 
after irradiation at —120°C are shown in Fig. 8. 
The changes in resistivity are measured with re- 
spect to the pre-irradiation values at the tempera- 
tures indicated. It is seen that when the change in 
each curve 


resistivity is plotted versus log time, 
The long- 


exhibits two roughly linear portions. 
time part of the curve continues to decrease ex- 
tremely slowly at the temperatures investigated. 


This factor makes a determination of the final, 
asymptotic difficult. Therefore, another 
point must be chosen at which to normalize the 
“knee” of 


value 
curves. For this purpose we define the 
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Fic. 8. Isothermal annealing of Cu—Al single crystals 


(15 atomic per cent aluminum) following irradiation for 
3 weeks at —120°C. 


the curve as the point where the change in slope 
takes place in Fig. 8, and we consider the same 
stage in the process to be reached at the times cor- 
responding to the knee at each temperature. If we 
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define f as the fractional amount of the process not 
completed at time ¢, then f is given by 


where p is the resistivity at time f¢, p, is the final 
value that would be obtained if the process were 
allowed to go to completion, and p;’ is the initial 
value obtained after irradiation at —120°C, i.e. 
pi’ is equal to pj +0-014 wQ-cm, where p; is the 
original pre-irradiation value. We find that rea- 
sonable values for p, are obtained if we assign a 
value of 0-12 to f at the knee of the curves. 


t, TIME (min) 


Fic. 9. Normalized isothermal annealing curves of 
Cu-Al single crystals (15 atomic per cent aluminum) 
following irradiation for 3 weeks at —120°C. f is the 


fractional amount of the process not completed at time t¢. 


The normalized curves that result are shown in 
Fig. 9. From these curves we may evaluate the 


activation energy, €y, for the process correspond- 


ing to various f values by plotting on a log scale the 
time, ¢, to reach a given value of f versus the re- 
ciprocal annealing temperature. When this is done 
(Fig. 10), we find that the activation energy in- 
creases as the process progresses, as is seen by the 
increase in the slopes of the lines as f decreases. The 
variation of €,7 with f is shown in Fig. 11. 

The annealing curves shown in Figs. 8 and 9 
suggest that the decrease in resistivity after irradia- 
tion at — 120°C takes place in two stages. The first 
stage is rather rapid at temperatures between 0 and 
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Fic. 10. Activation energy plot for annealing after 3 


weeks’ irradiation at —120°C. 


34°C, and the second is quite slow at these tem- 
peratures. This aspect of the annealing is seen 
more clearly as a result of the experiment illustrated 
in Fig. 12. Here we have plotted the variation in 


11. Activation energy for annealing versus f. The 
arrow indicates the direction of Process B. 


Fic. 
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resistivity of a sample previously irradiated for 3 
weeks at —120°C as a function of isothermal an- 
nealing at successively higher temperatures. At 
34°C, the resistivity decreases about 0-08 »Q-cm 
below the as-irradiated resistivity in about 100 min 
corresponding to the first stage of the annealing 
process. Upon continuation of the annealing at 
higher temperatures, little further decline in the 
resistivity is observed until the sample is held for 
about 2000 min at 75°C. A further slight decrease 
is seen at 125°C. Thus, Fig. 12 suggests that a 
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returned to liquid nitrogen for measurement after 
each anneal. The same procedure was followed 
with an unirradiated sample of the same com- 
position. Above 30°C the annealing steps were 
20°C apart, and the samples were cooled in air to 
room temperature before insertion into liquid 
nitrogen, where the resistivities were measured. 
Fig. 13 shows that little change took place in the 
unirradiated sample below 200°C. At the beginn- 
ing of the isochronal annealing, the resistivity of 
the sample that had been previously irradiated at 


“ESTIMATED VALUE AFTER IRRADIATION AT -120°C 


SW 





RESISTIVITY (CORRE 
ro) ro) 
f f 
nS) iS 


3 

7S 

oO 
° 


ae ‘ 
pa aeatae= 5 no anaes teeta 


ci 


TIME (min) 


Fic. 12. Isothermal annealing behavior of a Cu—Al (15 

atomic per cent aluminum) single crystal following 3 

weeks’ irradiation at —120°C. The resistivity was mea- 

sured at temperature with respect to an unirradiated 

sample and all values are corrected to 20°C. The anneal- 

ing was carried out at successively higher temperatures 
shown adjacent to the curves. 


second annealing stage occurs between 75 and 
125°C. When the annealing is continued at 175°C, 
however, the resistivity increases and after some 
2x 104 min the resistivity has returned close to 
the pre-irradiation value. A failure in the tem- 
perature-control system during the 175°C anneal 
occurred for an unknown length of time between 
the points indicated by crosses on the 175°C curve. 
The succeeding points were plotted so as to con- 
tinue the curve smoothly. 

The nature of the decrease in resistivity after 
irradiation at —120°C was also studied by means 
of isochronal annealing. After the irradiation at 
—120°C and storage in liquid nitrogen, a 15 
atomic per cent aluminum single crystal was held 
for 30 min at successively higher temperatures and 


— 120°C was greater than its pre-irradiation value 
by 0-012 ~Q-cm due to the increase (Process A) 
upon the cold irradiation. No change in this value 
was observed upon isochronal annealing below 
—50°C. However, between 0 and 150°C the re- 
sistivity is observed to decrease about 0-08 pQ-cm. 
There is some indication of a second dip in the 
curve between 130 and 170°C that is suggestive of 
the second annealing stage mentioned above. This 
dip in the curve is also reminiscent of the decrease 
observed for the single-crystal sample in the first 
Hole 52 experiment (Fig. 5) upon step-annealing 
between 100 and 150°C. A slight decrease in the 
curve for the unirradiated sample is also apparent 
in Fig. 13. When the step-annealing is continued 
above 150°C, the resistivity is observed to increase 
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and eventually to surpass the pre-irradiation 


value. Again, this is what was observed upon step- 
45°C (Fig. 5). 


the same general behavior is ob- 


] 
annealll 


ng after irradiation at 
Furthermore, 
served for the unirradiated sample above 200°C. 
\ discussion of the origin of this increase upon 

ling above 200°C and the reason for the 
decrease for temperatures above 310°C is deferred 
until this aspect of the work is explored in more 
detail. However, a reasonable approach seems to 
be that 


range order come into equilibrium at tem, 2ratures 


lattice defects or a lesser amount of short- 


above 150 or 200°C and are quenched-in upon air- 


cooling to room temperature. The reason for the 


ock ronal 


annealing of Cu-Al (15 atomic per 
] Samples were held 30 


— 196°C for 


ngic crvstal 


nperature broug! to 


iS n Ap for temperatures above 310°C de- 


ed nature 


n the detail f the quenching 
n the curves for the ir- 
amples above 200°C 
idiation in pro- 
raising the 
idea is sup- 


Tt retracing 


snown 
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sf hi L 
in this work 
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residual and temperature-dependent contributions 
tothe resistivity. ROSENBLATT e¢al.°2) have reported 
measurements on «-brass before and after neutron 
irradiation at 50°C for exposures of 7x 1017 and 
3 x 1018 neutrons/cm?. A decrease in resistivity was 
observed for the lighter irradiation and an increase 
for the heavier irradiation. This was interpreted as 
being due to a larger negative change in the residual 
resistivity than positive change in the temperature- 
dependent part of the resistivity for the lighter 
irradiation and the reverse for the heavier one. In 
view of this, it was of interest to investigate 
whether changes in the temperature-dependent 
resistivity take place upon irradiation at — 120°C or 
upon subsequent annealing at 0°C. The results of 
such an experiment are shown in Table 1 and in 


Table 1. 
temperatures upon irradiation for 3 weeks at —120°C 
and after annealing at 0°C. Values given are with 
respect to the pre-irradiation resistivity. Single 
crystal of Cu-Al (15 atomic per cent aluminum) 


alloy 


Changes in resistivity measured at various 


Ap upon 
annealing 


Temperature Ap upon 


(“K) irradiation 
(uQl-cm) (pQ-cm) 
—(0)-067 
—()-067 
—() 086 
—(0-064 


0-009 
0-008 
0-019 


14. The resistivity of a 15 atomic per cent 
aluminum sample was measured before irradiation 


Fig 


in baths of liquid helium, liquid nitrogen, and dry 
ice and acetone and at a number of temperatures 
between 192 and 323°K. The sample was mea- 
sured in liquid helium, liquid nitrogen, and dry 
ice and acetone baths following irradiation at 
—120°C. TI 
column O T: 


are shown in the second 


1e results 
} 


ible 1. The sample was then annealed 
at - 2x 104 min, whereupon the resistivity 
the pre-irradia- 


decreased to 0-064 »Q-cm below 


tion value at 0°C. The corresponding values mea- 
sured at liquid helium, liquid nitrogen, and dry 
ratures are the 


ice and shown in 
It is believed likely that 


temp 


Table 1 


the measurements in the dry ice and acetone baths 


acetone 


] | 
third column of 
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p, RESISTIVITY (,ohm-cm) 


0:0100 potm-cm/deg 


“0-0102 ohm -cm/deg 








7, TEMPERATURE (°K) 


Fic. 14. Resistivity versus temperature measurements for 
Cu-Al (15 atomic per cent aluminum) alloy. 


were inaccurate because of temperature gradients. 
If we take this into account, we find that the 
changes in resistivity at 4°K are the same as those 
measured at higher temperatures. Furthermore, as 
can be seen in Fig. 14, only a negligible change in 
the temperature coefficient corresponding to the 
linear portion of the curve above 200°K takes place 
upon annealing at 0°C. It is concluded from these 
measurements that only changes in the residual 
resistivity are significant in the effects considered 


here. 


(e) X-Ray Work 
Debye-Scherrer X-ray photographs were taken 
of annealed Cu-—Al (15 atomic per cent) filings 
before and after neutron irradiation for several 
weeks at about 35°C. In both cases, no super- 
structure reflections were observed and no evidence 
was found for the formation of a new phase upon 


irradiation. 


4. DISCUSSION 

According to our analysis of the changes in re- 
sistivity upon irradiation, Process A is considered 
to be produced directly by the impinging neutrons 
and the primary knock-ons that they set into mo- 
tion. The pattern of imperfections developed by 
Process A endows the material with the ability to 
carry on Process B. We wish first to consider the 
Process A aspect of the irradiation effect in more 
detail. The values of the slopes of Process A ob- 


tained under various circumstances are shown in 


Table 2. Slopes of Process A obtained under various 
circumstances for Cu—Al (15 atomic per cent) single 
crystals) 

Fast neutron 


flux 
(neutron/cm? 


Slope of 
Process A 


Reactor Tempera- 


facility ture 


sec) 


(4Q-cm/sec) 


Hole 3x 10" 
Hole : 9x 101! 
Hole 5 3x 1 


Table 2. We see that the magnitude of Process A 
increases with increasing neutron flux and with 
decreasing temperature. The comparison between 
the results in Holes C and 1768 indicates that the 
slope of Process A is roughly proportional to the 
instantaneous fast flux, when the measurements 
are done at the same temperature. The curves for 
resistivity versus exposure time in the long-time 
region indicate that Process A begins to saturate 
after 50 weeks in Hole C and about 16 weeks in 
Hole 1768. These times are inversely proportional 
to the instantaneous flux, as is to be expected. The 
comparison between experiments in Holes C and 
52 illustrates the effect of lowering the tempera- 
ture. It can be seen that the effect of simultaneous 
“self-annealing” during irradiation causes the 
slope of Process A to decrease as the temperature 
of irradiation is raised. 


The rate of the primary damage, Process A, 
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increases with aluminum content as is shown in 
Fig. 4. This observation is consistent with that of 
BLEwITT et al.,) who found that the low-tem- 
perature annealing after neutron irradiation 1s sup- 
pressed when beryllium, gold, silicon, or zinc is 
added to copper. It is reasonable to expect that the 
addition of aluminum to copper also decreases the 
rate at which Process A anneals out and therefore, 
as the aluminum content is raised, the amount of 
self-annealing at a given temperature (in this case 


35°C) is decreased. The origin of this dependence 


on solute content may lie in the lower energy of 


formation and a higher activation energy for 
motion of a defect in the alloy as compared with the 
pure metal,@°) which is a result of interactions 
between point defects and solute atoms. As a re- 
sult, more defects are produced in the alloy upon 
irradiation, and a lesser amount of annealing takes 
place at a given temperature. Another factor that 
may be involved is the possibility that a lower dis- 
placement energy is valid for alloys. DuGpALE®!) 
has indicated that the displacement energy for 
CugAu is less than 13-5 eV to be compared with a 
value of about 25 eV usually considered appropriate 
for pure copper 

details of the 


A discussion of the structural 


Process A damage depends on assumptions con- 
cerning the nature of Process B. We shall consider 
two general possibilities for the origin of the 
radiation-enhancement of diffusion-controlled re- 
actions: (1) the increased atomic mobilities arising 
from vacancies produced by the irradiation, and 
(2) the introduction of nucleation or annihilation 
sites for the annealing of thermally-produced 
defects. In the case of the first mechanism, the en- 
hanced diffusion resulting from the radiation- 
induced vacancies may cause short-range ordering 
or clustering to take place. The irradiation must be 
performed in the range of temperatures where 
vacancies are mobile; when the sample is irradi- 
ated below these temperatures, these reactions 
cannot take place and no decrease in resistivity 
results, as is shown in Fig. 6. However, the irradia- 
tion effect can be stored in the solid, since the de- 
crease in resistivity will take place subsequent to 
the cold irradiation if the temperature is raised. 
In terms of this mechanism, the radiation- 
produced vacancies are immobile at the lower 
temperature, but when the temperature is raised 


they migrate to their annihilation sites, in the 


and 
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course of which atomic rearrangements take place 
that produce the short-range ordering or cluster- 
ing. The fact that the irradiation effect can be 
stored in this way indicates that the primary effect 
of the radiation upon rate processes is not a 
result of the high temperatures of thermal spikes, 
In the case of the annealing after cold irradiation, 
all of the radiation-induced vacancies are available 
for migration at the outset of the isothermal 
anneal, whereas when the decrease in resistivity is 
produced in the reactor at 32—45°C, the vacancies 
are introduced gradually. This shortens the time 
for annealing after cold irradiation relative to that 
for annealing in the reactor. Thus, we find that 
the time for half-annealing at 34°C after cold 
irradiation is about 5 min (Fig. 9), whereas the 
corresponding time for in-pile annealing is about 
103 min (Fig. 7). 

The number of vacancies introduced by the 
bombardment during 3 weeks at —120°C in Hole 
52 may be estimated from the rise of 0-014 »Q-cm 
in resistivity observed during that period. If we 
assume 1-3 u02-cm per atomic per cent vacancies, 
as calculated by JONGENBURGER™?) for pure copper, 
we obtain a concentration of about 10-4 vacancies. 
An estimate of effectiveness of these excess vac- 
ancies in producing atomic rearrangements may be 
made with the use of the activation energy 
ey = 0-85 eV corresponding to half completion of 
the annealing process after irradiation at —120°C 
(Fig. 11) and a relaxation time, 7, of about 250 min 
at O°C (Fig. 9). The number of jumps, ,, that an 
average vacancy makes during its lifetime is given 
by 

ny 


where I’, the jump rate, is given by 


€M S] €M 


roexe( 5 k kT 

and z ~ 10, vw 1018 sec-1, and exp (sa/k) = 1 
(sy is the entropy associated with the motion of a 
vacancy). In this way, we find that approximately 
300 jumps are made by an average vacancy. Thus, 
for a vacancy concentration of 10-4, we find that 
approximately one out of thirty atoms shifts posi- 
tion as a result of the motion of the excess vac- 
ancies. An average of 300 vacancy jumps is much 
lower than is found for the annealing of vacancies 
in unirradiated metals, where the annihilation is 





NEUTRON-IRRADIATION EFFECTS 
presumably at dislocations. If we assume that each 
position on the dislocation lines serves as a sink for 
vacancies, then, for a concentration of 108 dis- 
locations/cm2 and lattice parameter of 3-6 A, one 
atomic position in 10” is an annihilation site. Thus, 
on the average, a vacancy makes 10’ jumps for 
annihilation in annealed metals. The low number 
of jumps after irradiation indicates that the radia- 
tion must produce vacancy sinks as well as the 
vacancies themselves, thereby reducing the dist- 
ance that a vacancy must travel before annihilation. 
This supposition is supported by the observation 
that the decrease in resistivity (—0-18 Q-cm, Fig. 
7) when Process B occurs during irradiation close 
to room temperature is larger than the decrease 
(—0-08 Q-cm, Fig. 8) observed upon annealing 
subsequent to irradiation at — 120°C. This follows 
from the fact that early in the irradiation at 35°C 
few sinks have been produced by the irradiation 
and therefore a vacancy makes many jumps during 
its lifetime. However, when the annealing is done 
after the irradiation at —120°C is completed, all 
vacancy motion must be carried out in a field that 
contains the full complement of radiation- 
produced sinks. Hence, fewer vacancy jumps are 
made and less ordering takes place. A suggestion as 
to the nature of the vacancy sinks introduced by the 
radiation is made below in the course of discussion 
of the second general mechanism for Process B. 

It should be pointed out that caution should be 
applied in ascribing the effects reported here on 
Cu-Al alloys or those reported elsewhere on Cu- 
Zn alloys2-24) to an increase in short-range order 
as a result, chiefly, of measurements of decreases 
in electrical resistivity upon irradiation. The point 
has been made®®) that the effect of short-range 
order on resistivity is very small, if it exists at all, 
and more evidence is needed to establish a relation 
between the two effects. Also, in the case of Cug 
Au, evidence has been found 4:25) that the increase 
in short-range order obtained by decreasing the 
temperature above the critical temperature causes 
an increase in resistivity. A theoretical basis for 
this increase in resistivity upon short-range order- 
ing of Cug Au is given by Grsson®) who, in fact, 
predicts a slight increase in resistivity for «-brass 
upon short-range ordering. Indeed, even as con- 
cerns long-range order, Muto and Takac1”) cite 
several examples of increases in resistivity upon 
the formation of a superlattice and others in which 
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a change in resistivity on ordering is quite small or 
almost absent. Because of the lack of correspond- 
ence between resistivity changes and short-range 
ordering, it is impossible at present to correlate the 
amount of atomic rearrangement calculated above 
with the observed decrease in resistivity. It would 
seem equally reasonable to postulate that cluster- 
ing takes place as a result of the presence of radia- 
tion-induced vacancies. Since the clustering of 
aluminum would result in a matrix richer in 
copper, such a clustering may result in a decrease 
in resistivity. Based on our measurements of re- 
sistivity for Cu—Al alloys of various compositions, 
we find the slope of the resistivity-versus-composi- 
tion curve to be 0-25 ~Q-cm per atomic per cent 
aluminum at the 15 atomic per cent aluminum 
composition. Thus, a decrease of 0-08 »Q-cm after 
irradiation at —120°C would imply the removal of 
about 0-3 atomic per cent aluminum from solid 
solution. 

Another mechanism that depends upon radia- 
tion-induced vacancies concerns the migration of 
these vacancies to solute atoms. A number of 
authors ‘10.38-40) have commented on the existence 
of an interaction between solute atoms and vac- 
ancies and its effect on diffusion processes in 
metals. A large attractive interaction is expected 
between vacancies and aluminum atoms in copper 
because of the large size difference between the 
two atoms. Also, it appears not unlikely that a 
decrease in resistivity accompanies the trapping of 
a vacancy by a solute aluminum atom. Thus, we 
suggest the possibility that the decrease in resistiv- 
ity of Cu—Al alloys is associated with the pairing 
of radiation-produced vacancies and aluminum 
atoms. The effect would be expected to increase 
with aluminum content. However, in the 15 atomic 


per cent aluminum alloy, one or two nearest neigh- 


bor sites to a given site are occupied by an alum- 
inum atom and some solute-vacancy pairs would 
be expected to be formed even upon low tempera- 
ture irradiation. Therefore, it is difficult to under- 
stand, on the basis of this model, why no decrease 
resistivity took place upon irradiation at 
120°C. 
All of the mechanisms for Process B discussed 
above rely upon the introduction of vacancies by 
the irradiation, and the radiation enhancement of 
short-range ordering or clustering depends speci- 
fically on the increased diffusion rates that are the 


in 
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result of the extra concentration of vacancies. 
However, another explanation for the observed 
radiation effects may lie in the introduction of 
annihilation sites for defects that were present in 


the material before the bombardment had begun. 


This implies that the sample has initially an excess 


ntration of defects despite the procedure 


used in its preparation, 1.e. holding at a 


high temperature and slowly cooling to room tem- 


perature. As was mentioned earlier, because of the 


ywer energy of formation of vacancies in alloys as 
compared to pure metals and the higher activation 


ry for motion, it is conceivable that no rea- 


energ 


1] 
sonabDi¢ 


cooling rate is low enough to avoid the 


quenching-in of vacancies. Also, since the anneal- 


ing is extremely slow at temperatures at which 


measurable concentrations exist in equilibrium, no 


thermal treatment can be given that will allow the 


excess vacancies to anneal out. However, the 


neutron irradiation introduce sites that are 


may 
the annihilation of 
that 


y favorable for 
vacancies. The suggestion is made, therefore, 
the decrease in resistivity observed upon irradiation 
of Cu—Al alloys is associated with the annealing- 
out of vacancies that were inadvertently quenched- 
in as a result of prior thermal treatment. The de- 
crease in formation energy of vacancies upon alloy- 


1 


ts in greater amounts of such quenched 


greater aluminum 


I resu 


vacancies for the samples of 
content. Therefore, the more highly alloyed sample 


iter decrease In resistivity as 1s shown in 


Figs. 2 and 4. Furthermore, despite the introduc- 


ten¢e { Lay ] . slat 
tion of favorable sites for vacancy annihilation, the 
» } As : ] ‘ ] 
quenche Vacancies must be mobile or no anneal- 
g is observed during irradiation, as in the case 
f t] ition at —120°C 
1 7 1 7 
l"} mage cluster that results when a primary 
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ing attributed to the motion of interstitials is sup- 
pressed in alloys, we may consider the shell of 
interstitials to be stable. Also, it has been pointed 
out 41) that, because of the anisotropic elastic inter- 
appropriately 


9) 


actions ESHELBY, ‘4? 
oriented interstitials may trap one another and 


discussed by 


form a fairly stable configuration. ‘Thus, we adopt 
the picture that the irradiation introduces damage 
clusters at whose surfaces lie a preponderance of 
interstitials. The introduction of these damage 
clusters is our Process A. Such damage clusters 
will enhance the annealing-out of pre-existing 
lattice vacancies because, firstly, their presence 
shortens the distance a vacancy must travel before 
it is annihilated, and, secondly, there would be an 
attractive interaction between such clusters and 
vacancies lying within the stress field that the 
clusters exert.* These vacancies would move dir- 
ectly to their annihilation point and would not 
execute diffusive, random-walk motion. Thus, the 
number of jumps for annihilation would be greatly 
reduced. 

The shorter relaxation time for annealing after 
irradiation at —120°C as compared to that for the 
in-pile annealing at 35°C follows from the fact that 
all the damage clusters are present before the an- 
nealing starts in the former case. Therefore, the 
distance over which the quenched vacancies must 
travel is short at the start and less time is required 
for the annealing. Each vacancy cancels out an 
interstitial as it is annihilated at the damage 
cluster. Therefore, a damage cluster disappears 
when it has absorbed a number of vacancies equal 
to the number of displacements produced per 
primary. A calculation may be made of the number 
of displacements produced in the cluster. If we 
use 1-3 4Q-cm/atomic per cent vacancies, we cal- 


culate that, corresponding to 0-08 »Q-cm, about 


le 
6-2 x 10-4 vacancies are required to eliminate the 
damage clusters. The number of clusters is given 
by 
Ny ost 

It has been pointed out to us by H. B. HUNTINGTON 
nat ) inte tion € between spherically symmetric 
centers of dist« yn in an isotropic medium that obeys 
Hooke I Ir ew of this, the suggestion of an inter- 

on between damage clusters and vacancies must 
issume eitner a depart e im 1 1sotrop\ and Hooke’s 
Law or that the damage clusters are non-spherical, as 
would be the case if there were a collapse of the void at 
the center of the luste! 
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where os = 3:5 10-24 cm2, 6 = 3x10! 
trons/cm? sec, and ¢, the time the reactor is on 
during the 3-week irradiation period, is 1-7 x 10 
sec. Thus, the number of clusters per atom is about 
1-8x 10-6, and the number of vacancies annihil- 
ated per cluster is 6-2 x 10-4/1-8 x 10-6 or about 
340. This must also equal the number of inter- 
stitials at the cluster or the number of displace- 
ments per primary knock-on. Other estimates") 
of the number of displacements vary from 100 to 
1000. For copper, DiENEs and VINEYARD "®) give 380 
displacements per primary as a result of neutron 
bombardment. Other types of bombardment such 
as electrons or y-rays may also give rise to stable 
aggregates of interstitials in alloys, but these 


neu- 


irradiations would be expected to be less effective 
in enhancing the annealing of vacancies than those 
resulting from neutron irradiation. 

Fig. 11 shows that the activation energy for the 
annealing after cold irradiation of the inadvertently 
quenched vacancies increases as the annealing pro- 
ceeds. We interpret this as an indication that 
vacancies lying within the stress field of a damage 
cluster move with considerably less energy than 
those lying without the stress field. Therefore, 
at the start of the annealing, when most of the 
vacancies being annihilated have originated from 
within the stress field, the activation energy is 
quite low. In fact, the curve in Fig. 11 appears to 
extrapolate to zero energy at the very start of the 
process. However, the annealing becomes in- 
creasingly difficult as the process continues; and 
finally, when all of the damage clusters have been 
dissolved, the remaining vacancies anneal with an 
activation energy of 1-01-+-0-03 eV corresponding 
to f 
the high ey is responsible for the slow decrease, 
shown in Fig. 8, that persists at 0-34°C even after 


0 in Fig. 11. The annealing of vacancies at 


104 or 10° min. Also, these vacancies, annealing at 
an energy of 1-0 eV may be responsible for what 
appears to be a second annealing stage between 
150 and 200°C in Fig. 13. Lt and Nowrck"!2) have 
per 


studied atomic mobility in a Cu—Al (17 atomic 


cent aluminum) alloy after quenching and neutron 
irradiation, using stress-relaxation techniques. As a 
result of their quenching experiments, they deduce 
the value 1-08-4-0-08 eV for the activation energy 
for motion of vacancies, in good agreement with 
1-01 eV obtained here in the latter 
portion of the irradiation at 


the value 
annealing after 
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—120°C. This fact also leads to the conclusion 
that, at the end of the annealing after irradiation, 
the damage clusters have been removed and the 
kinetics of vacancy motion have returned to that 
characteristic of the unirradiated solid. 

We may use the value ey 1-01 eV to check 
the plausibility of the suggestion that vacancies are 
inadvertently quenched into the lattice in the 
initial preparation of the sample. For annihilation 
at dislocations of concentration 108 cm-?, the 
effective freezing-in temperature is that below 
which fewer than 10’ jumps are made upon cooling 
to lower temperatures. The instantaneous jump 
rate is given by 


dny 


whereby 


where [is given by (2), ¢ = (To—T)/zx, and « is the 
cooling rate. For values of 7, close to room tem- 
perature, m7 is well approximated by the expres- 


sion 


MoT 


ny e~ Po, | EM kT». 


xP 


Our samples were cooled at a controlled constant 
rate of about 15°C/hr. Corresponding to this cool- 
ing rate, to ey 1:01 eV, and to Tp = 1044 
sec—!, it is found that 2, 10’ jumps for 79 

204°C. To is not very sensitive to the value taken 
for m7; for example, 7 165°C for 108 jumps and 
249°C for 108 jumps. Thus, it appears reasonable 
that vacancies are frozen into the lattice in con- 
centrations characteristic of about 200°C, even 
upon slow cooling. The presence of a significant 
concentration of vacancies in equilibrium at 200°C 
implies a low energy of formation in Cu—A] alloys 
Equilibrium and quenching experiments have been 


] ] 


that indicate that this is indeed the 


reported 14 


case. 
Li and NowIick"2 
times for 


also reported that no changes 


in the relaxation stress relaxation of 


Cu-Al alloys were observed after neutron ex- 


posures of about 101% neutrons/cm? at 50, 35°C, 
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and liquid-nitrogen temperature. However, since 
their first measurement was made after at least 
5000 sec at room temperature, we see from Figs. 
8 and 9 that most of the irradiation effect would have 
annealed out by that time even in the case of the 
samples exposed at liquid-nitrogen temperature. 
Nevertheless, on the basis of the interpretation we 
are now considering, we would have expected the 
post-irradiation values of 7 to be somewhat longer 
than those observed before irradiation. But Li and 
NowIck’s irradiation experiment may not be 
strictly comparable to ours, since their samples re- 
ceived 10-20 times the neutron dose necessary to 
bring the samples to minimum resistivity. 

Since the activation energy is so small at the 
outset of the process, in-pile annealing would be 
expected to show little temperature-dependence 
inasmuch as the damage clusters are introduced 
continuously while the annealing is going on. This 
is indicated by the in-pile annealing curves shown 
in Fig. 7, although the temperature range is too 
small here (32-45°C) to allow definite conclusions 
to be drawn. We should not be surprised, however, 
if the time for annealing remained rather constant 
upon in-pile annealing at higher temperatures 
below 200°C 

Fig. 11 and the results of L1 and Nowick show 
that the activation energy returns upon completion 
of Process B to the value of about 1-0 eV character- 
istic of vacancy unirradiated Cu-—Al 
alloys. If the temperature is then raised to above 


motion in 


about 200°C, the equilibrium concentration of 
vacancies characteristic of these temperatures will 
then be created. The relaxation time for this pro- 
cess will be controlled by the equilibrium activa- 
tion energy for diffusion, since the energy for both 
creation and movement of vacancies is involved. 
This would explain why the relaxation time and 
activation energy for the increase in resistivity of 
a-brass after irradiation at 50°C were found by 
Damask 4) to be consistent with those obtained by 
CuiLps and LeCLarre®>) by equilibrium stress- 
relaxation methods. The theory of LECLAIRE and 
LomerR6) is designed to explain the origin of the 
damping peak observed in stress-relaxation ex- 
periments and relates the strength of the relaxation 
to changes in lattice parameter that accompany 
local ordering. In their analysis, it is pointed out 
that the degree of order, c, is a function of the 
mixing energy and, since the mixing energy varies 
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with lattice parameter, straining a crystal will lead 
to a change in c. Thus, according to their develop- 
ment, small fluctuations in o about an average 
value give rise to corresponding small fluctuations 
in strain, and this results in the anelastic effects. 
Other interpretations of the relaxation pheno- 
menon have been given, 4-44) but even if the view 
of LECLAIRE and LoMER is adopted, the relaxation 
times observed in a stress-relaxation experiment 
are governed, not by the small fluctuations of 
short-range order with their mea- 
surement, but by the concentration and motion 
energy of the vacancies that control the diffusion. 
Therefore, it should not be concluded from the 
fact that resistivity changes after irradiation follow 
the same kinetics as stress-relaxation measurements 
that the resistivity changes arise from changes in 
short-range order.4) A determination by diffuse- 
scattering techniques of the short-range-order 
parameters and the effect of irradiation on them 
has not yet been made. Such an experiment is 
under way for the case of Cu-Al alloys. But until 
such an experiment is completed, it is advisable to 


associated 


consider other mechanisms in addition to short- 
range ordering as possible explanations for the 
irradiation effects. Several additional approaches 
to the problem have been discussed. 


5. SUMMARY 
(1) Upon neutron irradiation at 32-45°C, the 
resistivity of « Cu—Al alloys decreases, reaches a 
minimum, and then increases linearly upon further 


exposure. This behavior is considered to be due to 
the superposition of two effects: Process A, causing 
a linear increase in resistivity due to displacements 


produced directly by the bombardment, and Pro- 
cess B, a saturating diffusion-controlled reaction 
that brings about a decrease in resistivity. The 
slope of Process A and the saturation decrease for 
Process B increase in magnitude with aluminum 
content. There is no Process B for pure copper. 
For the 15 atomic per cent aluminum alloy, the 
decrease is about 0-2 wQ-cm (2 per cent). 

(2) When the irradiation is carried 
— 120°C, no decrease in resistivity is found. How- 
ever, upon subsequent warming above —50°C the 
decrease sets in. The kinetics of the decrease 
(Process B) were studied by isothermal annealing 
at 0-34°C following irradiation at —120°C. The 


out at 
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activation energy increases as the process continues 
starting with a very low value and ending with an 
energy of 1-0 eV. Annealing above about 150°C 
causes the resistivity to increase again, and the 
pre-irradiation value is exceeded if the annealing is 
continued above 200°C. No change in the tem- 
perature coefficient of resistivity was observed 
after irradiation at —120°C or after Process B was 
completed. 


(3) Several mechanisms to explain these effects 
are discussed: 


A. Based upon radiation-produced vacancies 


(1) short-range ordering 
(2) clustering 
(3) solute atom—vacancy pairing. 


B. Based upon radiation-produced nuclea- 
tion or annihilation sites 


(1) annealing of thermally-quenched vac- 
ancies. 
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Abstract—We present in this paper a new method for evaluating additive functions of the normal 
mode frequencies of disordered isotopic lattices as a perturbation-type expansion. The method is 
constructive; a recipe is given for writing down the general term of the expansion. The expression 
for the general term depends only on the evaluation of certain sums and integrals. A further ad- 
vantage of the present method is that we are able to discuss the convergence of the resulting series 
solution. This is generally difficult, if not impossible, to do for the usual perturbation expansions. 

Several simple examples have been considered to illustrate the method. We have rederived and 
generalized the result of PRIGOGINE et al. (Physica 20, 383, 516 (1954)) for the zero-point energy of a 
one-dimensional lattice and have obtained higher-order terms in the expansion. In two dimensions 
the agreement between our more accurate calculation and that of PRIGOGINE et al., indicates that 
their use of the Debye frequency spectrum as a zeroth approximation does not lead to appreciable 
error. In addition to our calculation of additive functions of the normal mode frequencies, we are 
able to discuss the low-frequency end of the frequency-distribution function. 


1. INTRODUCTION 
THE problem of determining the vibrational pro- 
perties of a randomly disordered many-component 
lattice has received much attention recently and 
has stimulated a great deal of ingenious mathe- 
matical thought. The interest in this problem is due 
in part to the light it throws on such properties of 
many-component lattices as the vibrational con- 
tribution to the thermodynamic functions of binary 
alloys and the separation of isotopic mixtures into 
separate phases at very low temperatures. This 
model has in addition a direct application to the 


Dyson") who reduced the problem in the one- 
dimensional case to the solution of an integral 
equation. However, his approach appears to be 
quite difficult: Dyson has presented no complete 
calculations except for a physically unrealistic 
model. ‘The mathematics for more realistic cases 
seems intractable. Furthermore Dyson’s method 
is inapplicable in higher dimensions. Other devel- 
opments which depend on some form of perturba- 
tion theory have been pursued.2-*) Several 
authors®~8) have discussed the linear chain by the 
use of transfer matrices. None of these treatments 


evaluation of electronic energy levels in disordered 
alloys as well as to certain aspects of the spin-wave 
theory of magnetism. 

The earliest work in this field was done by 


* This research was supported by the United States 
Air Force through the Air Force Office of Scientific 
Research, Air and Development Com- 
mand under #- AF18(600)1315 
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for the Ph.D. degree. 


Research 


Contracts and 


has any convincing or notable success in describing 
the frequency spectrum and none, except for the 
work of PRIGOGINE et al.,) discusses the effects of 
disorder on thermodyramic functions of the 
normal mode frequencies. For a further discussion 
of previous work on this subject, see reference (9). 

In this paper we evaluate several additive func- 
tions of the normal mode frequencies of an n- 
dimensional (n 1, 2, 3) two-component lattice. 
We assume that each lattice site is occupied by a 
particle of mass M, with probability p ard by a 
particle of mass Mz: with probability (1—p). We 
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average the additive functions over all the con- 
figurations of the particles, and we show that in the 
limit that the number of particles in the lattice 
becomes infinite our results approach those for a 
lattice containing precisely a fraction p of masses 
VM, and a fraction (l1—p) of masses My. The 
method used in the following analysis is to write 
the sum over the normal mode frequencies form- 
ally in terms of a contour integral and then to use 
an expansion of the integral to get an approximate 
expression for the sum. The method does not de- 
pend on dimension and is limited only by the 
number and complexity of the integrals involved. 
It will be seen that the technique presented here 
can actually be applied to more complicated situa- 
tions. For example, we could consider several 
different masses Mj, M2..., Mn randomly distri- 
buted over the lattice sites (as does SCHMIDT™?), or 
force constants which depend on the masses they 
couple, or we could allow correlations between the 
occupants of the lattice sites. These refinements 
can be handled in the process of averaging the 
additive functions over the configurations which 
the defect masses can assume. However, all of the 
advantages and the difficulties of our method will 
become evident from the present calculation. 

We shall chiefly be concerned with the calcula- 
tion of the zero-point energy and the specific heat 
of the disordered lattice. Results will be given for 
one- and two-dimensional lattices in detail. So far 
the three-dimensional lattice presents great com- 
putational problems although none in principle. 


2. PRELIMINARY REMARKS 
We denote the normal mode frequencies of a 
lattice by { w;}. In what follows we shall be inter- 
ested in evaluating sums of functions of the normal 


mode frequencies 


Lg(w5). (1) 


In particular we will be interested in evaluating the 
zero-point energy of the lattice which is given by S 
if g(z) = hz/2; the Laplace transform of the fre- 
quency distribution function for which g(z) - 
N-1le-*2, where N is the number of degrees of free- 
dom of the lattice; and the specific heat of the 
lattice for which g(z) = R(hz/2kT)?/sinh?(hz/2k7). 
The frequencies are the roots of a determinantal 
equation 


M(w) 0. (2) 
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Then it is a well-known result from the theory of 
contour integration that?) 


1 
S = Xg(w)) = 
j wi Jc 


g(z)d1n| M(z)| 


where C is any closed counter-clockwise contour 
which encloses all the positive zeroes of |M(z)| but 
none of the poles of g(z).* 

Let us now formally decompose M(w) into the 
sum of two square matrices: 


M(w) = Mo(w)+6M(w) 


Mo(w)[I+ Mo(w)8M(w)] (4) 
Mo(w)A(w) 


where A(w) = J+ Mo7(@)6M(@) and J is a unit 
matrix. Since the determinant of the product of 
two matrices is equal to the product of the deter- 
minants of the individual matrices, the deter- 
minant |M(w)| can be written as 


M(w) Mo(w) A(w) . 


Using the decomposition of equation (5) we find 


S's a i 
o(2)d In| Mo(z)| +——]|  g(z)d In| A(z)| 


m1. C 
(6) 


If we now regard Mo(w) as the secular deter- 
minant of an unperturbed lattice for which the 
various additive functions So of the normal mode 
frequencies are known, then the evaluation of S is 
reduced to the evaluation of AS. If, further, we can 
assume that the elements of 5/M(«) are small in 
some sense and that the elements of Mo71(«) are 
easily found then an expansion of In |A(q@)| in 
powers of the elements of 5M(«) would seem to be 
appropriate. 

The details of such an expansion now follow. 
Let the matrix Mo-1(@). 5M(w) be denoted by 
D(w). We denote the set of eigenvalues of this 


* The first use of contour integration in physical 
problems to evaluate additive functions of the zeroes of 


secular equations seems to be by WENTZEL. 
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matrix by {Aj}. Then we can express the deter- 
minant |A()| in the form 


|A(w)| = TI(1-+As). (7) 


Therefore an expression for In |A(w)| can be 
written 


In |A(w)| = & In(1-+Aj). (8) 
j 
When |A;| < 1, we can expand the logarithms in 


equation (8) to find 
In |A(w)| = 2Ay—4.LAj?2+4 zAjP- ne Oo 
j j 


The sum of the Ath power of the eigenvalues of a 
matrix is equal to the trace of the Ath power of the 
matrix, hence we obtain 

In |A(w)| = Tr(D)—4Tr(D?)+477r(D?)—.... (10) 

It is clear that this expansion is valid for any 
choice of crystal lattice. In order to apply it to the 
evaluation of additive functions of the normal mode 
frequencies of a perturbed lattice, we must choose 
a particular model of a crystal lattice for which the 
inverse to the matrix of the secular determinant is 
readily found. Such a model is the one originally 
due to Rosenstock and NEWELL,"2) which has 
subsequently been the basis of investigations by 
MontTro.i"®) and by Montro_t and Ports. 14) 

We consider an n-dimensional simple-cubic 
lattice, each point of which is occupied by a particle 
of either mass M; or Mz. The number of particles 
in an edge of our lattice is N so that the total num- 
ber of lattice points is N”. Born-von Karman 
boundary conditions will be used. We assume that 
a given lattice site is occupied by a particle of mass 
M, with probability p and by a particle of mass M2 
with probability (1—p). Each particle is in 
Hookeian interaction with its 27 nearest neighbors. 
To insure stability of the lattice against shear, both 
central and non-central force interactions between 
particles are assumed. This model has the physic- 
ally unrealistic feature that the components of dis- 
placement of a particle in any single direction are 
independent of those in all other directions. How- 
ever, it does have the advantage of sufficient 
mathematical simplicity so that many of its pro- 
perties can be studied analytically rather than 
numerically. 
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Although the mass at any given lattice site is a 
random variable, the force constants will be as- 
sumed to depend only on the relative direction of 
displacement of the interaction particles, The equa- 
tion of motion for the x-component of displace- 
ment of the particle with co-ordinates (mj, mo, . . . 
Mn) 1s 


Mm, Ms, ..., Mn m1, Ma, ..., My — 


n 
aad > vilxm, Me, ..., M+1,..., Mn 
j=l 


9 
2X mi, Ms, ..., 1}, ..., m,+ 


(11) 


+xm., Ms, ..., M—1, ..., m, | 


where yj; is the force constant associated with dis- 
placement of particles which lie along the jth co- 
ordinate axis. Similar equations hold for the other 
components of displacement. We choose solutions 
of the form 


’ ‘ 
_ piwt 
Xm, mM: m, — Umi, ma,..., Mn* 


grees 


The equation for the u’s takes the form 


, My + 


9 
w* Mn, Ms,..., M4, Ms, ... 


n 
+ > vj[Um, Ms, ..., Mtl, .., Mn 
j=l 


7 
4Um,, M2,..., Mj, ..., ™ ms 


(12) 


+Um,, m, Ba m;-1,.u, Mp] 0. 


The matrix M(w) is the matrix of coefficients of 
Uy, .. my, in equation (12). 

We wish to decompose M(«) into the sum of two 
matrices Mo(w) and 4M(w) such that the eigen- 
vectors, eigenvalues, and elements of the matrix 
Mo(«) are known and the remaining matrix 6M() 
has elements that can be regarded as small in a 
sense to be specified later. Here and in what 
follows we use the single index m to represent the 
n-tuple (m,, mz, ...mn). We define the mass at 
lattice site m to be 


M(m) =M+onAM (13) 





GEORGE WEISS and 


330 
where now Gm is a random variable with the pro- 
perty 
| M,—M with probability p 
AM 
| M,—M 
AM 


(14) 
with probability 1—p. 


We also will use the notation » = AM/M. 

The choice of M is restricted by the condition 
that the expansion of equation (10) converge. ‘This 
point will be discussed more carefully below. 

We now define the matrix Mo(«) to be the matrix 


of coefficients of the u’s in 


( 2Mu mr, 


») 
LUm 


_m +Um Ms, 


while the matrix 6M(«w) is diagonal with elements 
AMw*cm. The matrix Mo describes a crystal lat- 
tice with all masses equal to M. Its eigenvectors 
and eigenvalues have been obtained by MONTROLL 


and Potts.“%) They are 


us(m) = N-"/2 exp(2z7is-m/N) (16) 


where s , Sn). The largest normal mode 


frequency of the lattice described by Mo, wz, is 


defined by the equation 


(18) 
j=l 


The elements of the matrix Mo can be expressed as 


Am m 


V » > Ao(s) exp[2mis-(m m')/N] (19) 


s§ 


while the elements of Mp7! are 


(-l 
* N n> Po(s)] lexp[2zis -(m—m’)/N] 
s 


m,m 


(20) 
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(8M) in, m AMo*om5m, m’ (21) 


where §,,, ,, isa Kronecker delta. The elements of 
the matrix D then become 


1) 
AMwta om (22) 


mm, 1m 


Din, m 


With these results we can now write Tr(D*) as 


Tr(D*) (A Mw?*)k x 


° J (—1) 1) 
da a 020 Om. «++ 
my, m, ' 


af «S71, 7M, «IM, M; 


my. (23 ) 


Tm), 


3. THE CHARACTERISTIC VALUES OF D(w) 


We have assumed in the preceding section that 
a convergent expansion of In |A(«)| in terms of 
traces of powers of the matrix D(w) exists. A 
necessary condition that the expansion given by 
equation (10) be convergent is seen to be that 


(24) 


where {A;} are the characteristic values of the 
matrix D. We now examine carefully the condi- 
tions under which this condition is satisfied. 

By definition D(w) = Mo-(w)8M(e), so that 
the condition of equation (24) imposes a certain 
restriction on our choice of the matrix Mp and the 
perturbation matrix 6M. It will be shown that not 
all choices of Moy and 6M lead to a convergent 
series of the type given in equation (10). 

It is usually simpler to study the eigenvalues, 
{A;-1\, of the matrix inverse to D, 

D-\(w) = [8M(w)}-'Mo(), (25) 
rather than the eigenvalues of D itself. Thus, we 
now discuss under what conditions the eigen- 
values of D-1 are greater than one in absolute 
value. We restrict ourselves here to the one- 
dimensional case; however, the results obtained 
here are valid with only slight modification in the 
higher-dimensional cases as well. 
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The matrix D-1 for the one-dimensional case is 
Mw?—2y y 
AMw?o, 


AMw2o, 


y Ma?—2y 


AMwc:  AMw2oz 
0 y 


/ 


AMw?o3 





To discuss bounds on the eigenvalues of this 
matrix, we use the following result due to GERSH- 
GORIN: 19) 


Let B = (Bxa) be an arbitrary square matrix of 
order N and set 


(27) 


N 
P, = > [Bra]. 


AFk 


Then each eigenvalue of B lies in the interior or on 
the boundary of at least one of the N circles 


|z—Bre| < Px. (28) 
If some of the circles are completely disjoint from 
any others, then they must contain at least one 
eigenvalue. 

In our case the elements By;x and Px are given 


2y 


Bu (29) 


- y :=-— 
AMw?2oz AMw?ox 
Since o can assume only two values (cf. equation 
(14)) the system of circles given by equation (28) 
reduces to only two circles whose equations are 


1 2y | 2y 


~ por AMexox| “| AMw2ox! 


PB 
|a@ 


30) 


Hence the two circles in which the eigenvalues lie 
are the following: 
2 
w?(M;—M) 


center: 





2 


en (31) 
|w2(Mj—M)| 


radius: 


We will be interested in the special case corres- 
ponding to the contour of integration to be des- 
cribed later. This case is w = iw’ where o’ is real. 
In particular we seek to find the conditions under 
which |Aj7}| > 1. 

When © = io’ the two circles have centers 
lying on the real axis. The intercepts of the circles 
on this axis are 





Fic. 1. Circles containing the eigenvalues of D~ 
The two circles are shown in Fig. 1. The circles lie 
on either side of the y-axis and the intercepts 
closest to the y-axis are M/(M;—M), j = 1, 2. 
As w’-—> © the circles shrink to these points. 
Hence, in order to have |Aj~1| > 1 we must have 
the conditions 


M>|M;—M| 33) 


satisfied. 








332 GEORGE WEISS and 
The criterion of equation (33) leads to an 
interesting conclusion. An obvious choice for M 
would be such as to insure that <o 0. By 

equations (13) and (14) this means that* 
M = pM,+(1—p)Mo. (34) 


If we substitute this definition into the criterion 


equation (33), we find the following conditions 


must be satisfied for | A; pp 
p(M,—M2)+ Me 
(1—p)(M,—M2) - 
p(Mi —Me)+ Me i 
p(M, —M2) 


| 


It is easily seen that the second of equations (35) 1s 
lways satisfied regardless of the values of M1, Mo, 


and p. However, the first question is satisfied only 
if 
M2 1-—2p VM, —2Mo 
oO! 2p » - (36) 
My 2—2 M, —Mbp 
This condition, therefore, restricts the class of 
lattices for which the choice of MW given by equa- 
tion (34) leads to a convergent expansion for 
In | A( Notice that for p } there is no re- 


striction on the masses for the convergence of the 
using this definition. It is easily shown 


WV then A l 


expansiol 


that if V1 
4. THE STATISTICS OF DISORDERED LATTICES 
now in a position to discuss the statistical 


We are | 
The 


1 1 j 1 
aspects of the problem under consideration. 





model that we examine in this paper postulates 
that there is no correlation between the position of 
atoms of different masses. If each atom in a lattice 
f N atoms has mass M; with probability p, then 
he lattice contain k atoms of mass MM with 
probability Pp i—f V—i If wer consider 
an ensemble of binomial lattices, then the distri- 
bution of the number of lattices with & atoms is 
fou to be approximately Gaussian with mean 
Nt standard deviation equal to N*1/ p(1—p)). 

1 

I 


As N goes to infinity the law of large numbers 


assures us that the probability of a large deviation 


from the mean number goes to zero. Hence, our 
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following remarks will apply to a good approxima- 
tion to the problem of a lattice containing exactly 
Np atoms of mass M, randomly placed. 

If we assume that |A;| <1, then by equation 
(10) we have for AS as a function of the random 


variables om, 


ox 
1c <(—1)n41 
as=—| sed) > (AM=2) x 
ant) c (2) n 
n=] 
. (—1) (—1) (_] 
. > > a a eee x 
—_— m,m, 17,17", m,m, 
m, ni, 
x OmiFm2>+-- i (37) 


To proceed generally one must now study the 
moments of AS with respect to the probability 
distribution over all configurations of atoms. It is 
of interest to note that if (M,—Mo)/M is small 
enough so that higher powers of this quantity can 
be neglected in comparison to the first, we can say 
a bit more about the distribution of AS. We see 
from equation (20) that af), is independent of m. 
Hence, we can write as an approximation for AS: 


AM _ ) 
AS~ (Xom)2(2)df2?a 5 (38) 
oat om m,m 


In this situation all of the random behavior of AS 
is described by the term Som, which is a sum of 


m 
independent random variables. If N is large 
enough, we may infer from the central limit 
theorem that the sum SJo,, has a Gaussian distri- 
m7 


bution with mean equal to 


Nn . 
[pM +(1 ») Mo —M 
Ame t 


and variance equal to 


[p( p)(Mi— Me)?}. 


(AM)? 

In general we shall have to be content with a 
good deal less than the complete distribution of 
AS; we shall find only the first moment. Denoting 
by fy, we 


configuration averages by and <o? 


find 





THERMODYNAMIC PROPERTIES 


—p)M2—M} 


1 
—§{pM,+(1 
ul i+( 


-{pM,2+(1 —p)Mo?+M? 


(AM)? 7 


‘pM. p)M3—3pM2M- 


(AM) 


We must now begin to distinguish between 
subscripts in averaging over products of o’s since, 
for example, Om >2. Let us first consider 
the double sum in equation (37). 
types of averages included in the summation: 
and 2 when m, 4 Mz by 
the hypothesis of independence. Each average it- 
self is independent of the actual subscripts. We, 
therefore, write for the double summation 


weil 
> 
7 


9 
Om", 
There are two 


9 . 
Om*~ om ,om, Om 


\ 
,<Fm,Fm, 7 


e+e, > & 


m, 


mm, mm, 


m, m, 


a 


m,m, ’ m,m, m,m, 


(40) 


where the stroke indicates that all terms with 
m, ~ Mp are to be omitted. In a similar fashion 
we must partition all of the r-fold summations 
according to how many of the o’s in (om, 


have different indices. To study this type di 


Om 
Om, 


a;(w) = N-"(AMa?)é w 3 nh 


m, 


2pMiM—2(1 


5 


5 
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—p)M2M} 


~p)M2M + 3pM,M2+ 3(1—p)M2M2—M}. 


(Gm ,om, «++ Om,, the components of the associ- 


ated k-vector must satisfy 


, 
Zz jkj=r 
j=1 


We will be interested in the degeneracy of each 
k-vector (i.e. the number of different realizations 
of each k-vector) and for a specific expansion we 
will need the actual k-vectors. The problem is 
formally equivalent to a combinatorial problem* 
arising in the theory of cluster integrals as applied 
to the theory of the equation of state of imperfect 
The result is that for a given k-vector the 


(41) 


gases. 
degeneracy is 


r! 


y!ho! «.. Ryl(1!)E(2!)Fa 


—, 42 
(r!)¥r “) 


We may now proceed to a more detailed con- 
sideration of the sums appearing in equation (37). 
If we define 


(-l (—1) 
a a ° 
m,m, m,m, 


ij 


(-1) 
-a 
my, 


-N-"(AMa2)t > [Ao(s) ]-* 


Ss 


by(w) =N-™(AMa%)* YS (a 


m, 


partition we introduce the notion of a k-vector, 
k = (ky, ko,...k,) where kj is the number of 
‘-tuples of equal indices. For an r-fold product 


mM, 


* Namely, in how many 
distinguishable objects into k, groups of one object, , 


ways Can one arrange r 


groups of two objects, etc.? 
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then all the sums appearing in equation (37) can 
be written (to order 4) in terms of these two. For 


example, we have that 


—_ a) 
N-"AMeS a 


J 


is independent of 1 (see equation 


“mm 


In a similar fashion we find, for example, 


N-AMa2yt YS 


m1, 


oe 
m,; 


—— 
m 


mm, 


Lier ‘ 


a4(w)+ 10a;?(w \a2(w)+b4(w) 


f we were to take our expansion of N-”<In 
Alo to higher powers of AM, we would find 
that new dx, 
have to be introduced in terms of which all sums 
be 


“irreducible” sums cx, . would 


ver nhination f the . ? 'd 
over combinations Of the G@),m,S Cou 


expressed. The situation here is somewhat analog- 
ous to the expansion of cluster integrals in terms of 
irreducible integrals in the theory of imperfect 

It is easily shown from the definition of equation 
(43 


tion formula: 


that the a;(«) satisfy the following differentia- 


lq, i(w)}. (46) 


[aj{w) ps 


Unfortunately no such simple formula holds for 
the derivative of bz(w). 

Using equations (37) and (43)-(46), we obtain 
the general expression for N-"d/dw <In|A(«)| > up 
to second order in p 

d 


n > In A(w) 
dw 


) fr Ny 
62a\(w ) ; 


(47) 


| + 832a1(w) 


fen cae [a2(w)—p lag(w)|+ cae 


Ww 


fa;(w)—p~1ao(w)} 


Additional terms covering up to p4 can be found 
in reference 18. 
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This result in connection with the equation 


a 


g(z)d<In|A(z)|> (48) 


constitutes a formal solution to our problem. We 
will use the contour C shown in Fig. 2. As R — oo 
the contribution from the semi-circle vanishes for 
the class of functions g(z) of physical interest. 
Hence we are left only with an integration on the 
imaginary axis. 


ae ¢.) (—1) 
Tye « 


m,m, m,m, mm, 


4a, (w )az( w) 


6a '(w) 2a2"(w). 





(O,-iR) 





Fic. 2. The contour of integration C. 
5. EVALUATION OF az(w) AND dx(w) 

We have seen in Section 4 that the trace of the 
kth power of the matrix D breaks up into several 
subsidiary sums when we average AS over all con- 
figurations of the masses. It has been shown that 
all of these subsidiary sums are expressible in 
terms of certain “‘irreducible’’ sums which we have 
labelled ax, bx, cx, ... . In this section we evaluate 
the first two of these sums. 
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The simplest of these sums is ax(w) defined by 


Na;(w) = (AMw?)* > )» () 


mm, m,m, 


(AMw2)é > [Ao(s)]J-# 


Ss 





where the Apo(s) are the eigenvalues of Mo(m) and = (b) The two-dimensional case 
are given by equation (17). If we assume that To simplify succeeding expressions we make the 


wo? < 0, then following definitions 


Na;(iw) (AMw*)t > [Mlur+2 >. 


s j 


Jsing the recurrence relation of equation (46), one 
needs only to calculate a;(iw) in order to obtain all 
of the ax(ia). 

In order to evaluate the expression for ax(iw), we The integral of equation (51) can be written in 
let N — oo and replace the sum in equation (50) by _ terms of Legendre functions”); thus for a;() we 


wr,?+orz,2. (54) 


a Riemann integral obtain 


e d>dd2.. + don 


‘ 2\k 
ay(tw) = 7 "(AMw*) | ae LE [Mu?-+2¥y;(1 cos Dbl 





(a) The one-dimensional case 2uw 2a 2 w* *w* °+ wy,” a) Ad = 


a\(tw) —— O i — mae 


In one dimension the integral in equation (51) aii ina’ 
¢ 41 43 41 7 


can be evaluated in terms of Legendre poly- 
nomials 6) 


Mew? +2y a 
) (0208-44) No?) 


ay(iw) = (AMw?)*P;, ( 


\ ‘Meu Pye 4M 


We define wz through the relation Moz? = 4y, where Q(z) is the mth Legendre function of the 
transforming equation (52) into second kind. But this function can be expressed in 


2w2+wy2 


; r F 
2|w|V w+ wy? 


ay(iw) = pe Fw] *(w?+- wz?) FP a (53) 
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terms of a complete elliptic integral of the first kind by use of the relations?) 
F(t, $1; e+1)) = /—x| 
V 2(z+1) N 1+2 
Hence for a;(iw) we have 
2uw? 


ai(tw) - K . 
7 w-+wy] “)?(w*-+ wy")? \ (w?+w7 2\(w? + wy 2) 


WL,WL 
The next two a;’s are 


) ) 9 9 
L-w- 2w?+wy? WL WL 
a2\1lw) i 


TY (w<+wy] “\(w=+wy 2) w-+wy? | \ (w*+wy,")(w*+wz,") 


3w!9+ 608 w 1? + 09(4wr4+wz,2wy,?)+o(wr?wy,2wy,?+wz5) 
(w?+wz")*(w?+wz,”) (w°+wy,") ' 
WL-wWr 21-0 


J WL,WL, 
ss : : 7 E| / 
2 (w*+wy-)-(w- +a) “)?(w*+wy,") \ (w°+wy*)\(w? +z “) 


pe w4(2w?+ wy)? ; WL WL 
K(— ). 
An (w*+wy7)(w2+wz 7) ?(w*+wz,")? V (w*+wz")(w* +r, 2 
L, 2 1 
(c) The three-dimensional case [he second type of irreducible sums to be con- 


In three dimensions a;(im) is given by sidered are the b;,(w) defined by 


tIo(2y1t)1o(2yet)Io(2yst) dt. 


If we assume that yj = ye # yg and set 


b{w) = N-™(AMw2)t S yY@ ” yk, (63) 


> ~ ; mm, 
14+Mw?(2y;(2+«)] 1 (61) m, mM, 
then the following series can be derived 8) for 


Notice that bof) 
a;(10): 


ao(w). Terms involving b3(@) 
do not appear in any calculation, so that we need 


p | (2+)8 
oO 2m+k-1 
w \2* (442x)h ty (2m)!T'(2m+k) oo V (2+«)?p2 


~ 


22m(m!)4 7,)2B2 a2 ]m+k 2 
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only consider the b;(@) for k > 4. We will work 
only with b;(z). It is possible to evaluate the b,’s 
in a usable form only in the one-dimensional case, 
although formal expressions in terms of general- 
ized hypergeometric functions can be given in two 
and three dimensions. 

A general expression for aj; ¥n,(io) is 


‘ e dd», 
(7a) 
mm, 


7 ’ 
7 n pid .( f 
| | et? - (m,—m,) dy vr 
0° 


Mw?+ aby (1 —cosd¢; ) 
(64) 
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The second term is negligible in comparison with 
the first except when |z| is very small. However, 
there will only be a negligible contribution to any 
integral from this region because the factor which 
multiplies the geometric series causes by to vanish 
at the origin for k > 1 as a power of z. Thus we 
may write in the limit N —> oo 


kz 


b;(tw) p* tank ( =} coth| - ). (69) 


In particular we have 


db (1) pe Fey? (640%w72+ 96w4w7 4 +40 w2w7 + 38) 


aW aa 


where the interchanges of integrals can be justi- 
fied, when w 4 0. The vector m; has components 


(m,’, m2’ ...). In one dimension we find“? 
| 
i = = x 
Mw V w+" 
2w 


“J 


WL 


w 
avr 


wl 


If we use the notation introduced by MONTROLL 
and Ports"4) 


y 


WwW 


(66) 


sinh-, 
WL 2 


equation (65) assumes the simpler form 
(-1) 2  exp(—|m,—mz|z) 


a (tw) = iW - 
LVI wy- 


m,m, 


(67) 


sinh z 


With this result and the definition equation (43) for 
b;(iw), we obtain 


bj.(1w) 
l + ekz 1 


ekz—] 


N 


2(AMw2)k Ss Ss e 
N(Moz2)* m, 


5 


- 2 (70) 


(w?+ wz)? 2(2w2+wyz)? 


With this term we can calculate terms of order up 
to w4 in an expansion of any <AS) in the one- 


dimensional case. 


6. ZERO-POINT ENERGY OF DISORDERED 


LATTICES 
We are now in a position to apply the formalism 
developed in the preceding sections to the calcula- 
tion of the simplest additive function of the normal 
mode frequencies, viz. the zero-point energy. For 
this case the function g(z) is (4)hz; consequently 
the results of Section 2 yield 


oO 


wd <In|A(iw)| > (71) 


(a) The one-dimensional case 

The integrals of equation (71) are all elementary. 
When they are evaluated, there results the follow- 
ing expression for (E9+<AEo>/N) up to terms 
which are 0(,:4): 


lm,—m,|kz 


sinh*z 


e-Nkz )  2k(AMa2)k 


— coshs N(Mwz2)* sinhts 
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Nr fiw) [ l 


+(0-29468 ,+0-093382?-+ 1-66678183+ 1-76878;4 


For a special set of definitions 


pM, +(1—p)Mz2 


WL 
the expression in equation (72) simplifies to 


AFo 


Eo+ 


+{0-2945p(1—p)(1 


lint 


he work of PRIGOGINE et 
al.,'2) however, the expansion of <log|/+D 


not be justified by the methods of this paper except 


Chis definition is usec 


can- 


when the masses and probabilities satisfy equation 
36). For a CuAu alloy (M2 M, = 197, 


p 0-50) the term in brackets is equal to 1-13, the 


. 
03 
J; 


convergence being quite slow. The term in p? gives 
a contribution of 0-10 and the term in p4 gives a 
contribution of 0-03 


iefinition for WZ and AM is 


Another convenient « 


{ VE Me) (M\+ Me) 


hN2 


% 


V2M — 


The detailed form for Ep can be shown to be") 


| 
V1+6°P_3( 


2Vv 26' 


N2 


G- 


P(V1+02 


2 1+ 6° 


The expansion of <log/J+D)» is always con- 
vergent for this choice of parameters. For CuAu 


the term multiplying (Awz)/z is 1-13, with the rate 


and ALEXEI 


0-58) 4+(0-392782—0-01778)7)u?+(0-60736) 82 


Nhewoyn1[1-+0-3927p(1—p)u2 
6p +6p")+0-9769p"(1 
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0-333383 05862813) 3+ 
(72) 


0-3333[p(1—p)®—p(1—p) w+ 


p)*}u4+0(p°)). 


of convergence about the same as in the last case. 
Notice that the actual expressions for the zero- 
point energy by the two methods will differ in 
general because of the two choices for wz. How- 
ever, wz is the same for the two definitions in the 


case of CuAu. 


(b) The two-dimensional case 

In this case we assume that the central and non- 
are different. For con- 
venience we say that y2 = 6y;, where 6? < 1. The 
zero-point energy for a uniform lattice, that is, one 


cent ral fe yrce constants 


with only one mass, can be derived from an integral 
representation first given by MONTROLL“®) 


V1+62)P_,(V/1+6-) 


(77) 


where P,“ is the associated Legendre function. 
These, in turn, may be evaluated for numerical 
computations by using their representations in 
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terms of complete elliptic integrals of the first and 
second kind.“!?) When @ is small, an expansion of 
Ey|N2 is 


62 
. 1 —Iné+ 
8 


(78) 
eal 
+ {—-+-—I1n2/0?+0(441né) |. 
16 8 | ; 

In two dimensions we are fortunate in having the 
a;’s expressible in terms of complete elliptic 
integrals, as given in equations (57)-(59). The 
coefficients of the y’s in the expansion for the zero- 
point energy must be found by numerical integra- 
tion. The results of performing these integrations, 
accurate to two places are 


2 - 0-16: Eot+ AEp 
E,(M)f1 


62 — 0-49: Eot+ AE 


Notice that the expansion does not seem to de- 
pend very much on 62. If we choose M and AM so 
that 8; = 0, then equation (79) becomes 


62=0:16 Ej+<AEo 
= Eo(M){1-+0-73p(1 —p)u2+ ... 


2 — 0-49 Eot+ AFo > 


= Fo(M){1+0-73p(1 —p)p2+ ... 
(80b) 


Both of these expansions are slightly different from 
the corresponding ones given by PRIGOGINE et 
al.) Their expressions would replace the factor 
0-37 in equation (79) by 0-38. It is believed that 
this difference is due to his use of the Debye 
model in the calculations as opposed to our use of 4 
more accurate frequency spectrum. 


7. SPECIFIC HEAT 
In this section we shall present the first few 


339 


terms in the expansion of the specific heat in one 
dimension. The function g(z) is, in this case, given 


_, 6? 


sinh?8z 


= Cy(2 (81) 
where B = h/2kT and k is Boltzmann’s constant. 
One can see from this equation that if the integral 
were taken down the imaginary axis as in previous 
sections, then the contour would have to be in- 
dented at each zero of sinh fz. The resulting 
integrals are quite difficult to evaluate, hence we 
present another method which is of some interest 
in its own right. 

For this purpose we let 
distribution of frequencies, i.e. 


h(w)»> be the averaged 
h(w)>do. mea- 


N®he1[0-33 —0-1481p.-+-0-12B 22+ . . .] 
0-428; 4+{0-37Be 


0-018:2} 42+ ...] 


N2 hw {0-35 —0-158) 40-128: 2+ ...} 
- Eo M){1 —0-438;.+0-37B2p2+ ...}. 


(79b) 


sures the average number of frequencies in (, 
«@+dw) as dw approaches zero. Notice that by our 
remarks of Section 8 there is a frequency wm such 
that <h(w)> = 0 for w > wm. We define <H(«) 
as the Laplace transform or characteristic function 
of <h(w)>, that is, 


<H(«)> = | h(w) Ye-#den | 
0 0 


Since wm is finite the moments, w”, defined by 


Wm 
w” = w" <h(w) > dw 
0 
exist for all values of x. This implies that <H(«)> 
can be expanded in a Taylor’s series, 


a! 
<H(x) ° 1 aw 


(84) 
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invert this series we find that 


\ be expresse¢ d as 


way we replace every term of the form « 


expression for <H(x) 
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h(w)> can 


d"d(w) 


dw” 


by the 


k 


operator 


in any integral over w. For any 


Q A 
J1W]T ph x 


we 


AH(x) [L 


5 


] 


+| } Bip2eoza 


,9 9 9 9 
©) it on 2) Peet on 


6 


[To(awy) 


therefore 


Lo(wxz )] 


r\(n—1—r)!2"y" - 


(n—1+r)! - 


| cos"-Oe-y os d6, 


Hence by WEIERSTRASS’s theorem ®) the represent- 
ation of «” by a delta function operator is permis- 
sible for all continuous functions in (0, wm). In a 
similar manner we can show that a term of the form 
a"e-%_ corresponds to the operator (—1)"d" 
5(@—wz)/dw”. 

In one dimension an expression for <H(«)> can 
be found which contains all terms up to and in- 
cluding those of order p?. We now consider 

AH(«)» that is, the change in characteristic func- 
tion due to disordering. As before we may integrate 
down the imaginary axis so that <AH(«) > is 


x 


eo 

AH(x) | etd In|A(iw)|>. (88) 
771 + 
0 


When the specific functions for d/dw <In|A(i@)| > 
are substituted into equation (88) and are evalu- 
ated there results, 


o(2wz)]+0(u3) 


where L, is Struve’s function of order v and J, is a 
Bessel function of imaginary argument. 
We may derive an operator which corresponds to 


terms of the form 
a”| In(xez)- L n(zwy) | 


appearing in the expansion of the characteristic 
function. To this end we employ the identity®) 


| cos” 10K n_ i(y cos@) dé 


0 
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where the second line is valid for integral nm and Using this definition, we find for the specific heat 
K,,(x) is a modified Bessel function of the second 
kind. We have seen that a term «"e-“" in the ex- Z =f 

— aan 0h ncaa Aco) =4p(1—p)p2orkpe|— 
pansion of the characteristic function corresponds ss ' (sinh2Bw, 
to an operator 


WL 


; ? coshBwy, 

d"8(w —r) Pig 

(—i Pp... sinh®Bwy, } 
dw” 


+0(?). (94) 


ee In the limit T — 0, B — oo we find 
This fact suggests that 
Acy 2p(1—p) kp? 83 7 3e-2Fer+O0(u3) (95) 
a | Tm(axewz) L. n(awy) | 
and in the limit 7 —> oo we find 
should be replaced by the operator 


l h2.2 
n—l (n—1+r)! Acy Ba a +0(p?). (96) 
n r)! 2 
(D(n—4)P(n+3)}7 > ——— _ 


x 
r)!2% wy" ead ; ‘ fra id i : 
Using this same set of definitions, we find for the 
pw? correction to the Helmholtz free energy for 
Sette sallien T In (2 si e/IbT 
_d"-18(co —wy, c0s0) which g(z) = RT In (2 sinh(hz/2kT)) 
cos"-"6 dé (91) 
dwt 


hwy, 


0(u3), 97 
ap) tH) (97) 


AF bp(l p)h,p2ctnh| 


in any integral over f(w). It is easily verified that 

this operator is correct for all polynomial f(«), and In general the integrals which appear in equation 
therefore for all continuous /(«). (92) cannot be evaluated in closed form. If g(a) is 
With this result we may write, in the one- taken to be the specific heat, we could not evaluate 


dimensional case the low-temperature corrections. At high tem- 


Biorp Bi ome 
( (a) I g (wy cos@) cos6 d8+ t(Be By?) u2wr2 (wy) 


77 


0 


7/9 
) 9 
PLPSwWy t 
, »9 9 9 tt _— 
8 2p 2w? | g’’(wzcosé) dé 


RY 4 
; 0 


1 Ms | cos@ 
By2p2w7? | | g’’(wzcos0) cos2@—g'(wz cosé) do+.... 
On | wr, - 


0 


In the particular case where the definition of peratures we may use the approximation 

equation (73) is valid, the integrals all drop out and ; 

we are simply left with allen 
ee coz) ~Al 1 (98) 


Bop awry 


g'(wr). (93) 


9(w) > - rp . 7 : 
sw), 4 Che integrals of equation (92) can all be evaluated 
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leading to the result 


09.9 
kB? wy? 


(99) 


8. BOUNDS ON THE MAXIMUM FREQUENCY 
OF A DISORDERED LATTICE 


interest to notice that the fre- 


ncy spectrum of the disordered 


is of some 
lattice con- 
in this paper 1s unequal to zero over a 
To see this point consider a 

le up only of light atoms of mass Mz. We 


1 this our base lattice. Then any lattice contain- 
ing atoms of masses VM and Me with VM, 
be thought of as being constructed from the base 
] 


- Mo can 


attice by the addition of masses (M,—Me) at the 


proper lattice sites. According to a theorem of 
RAYLEIGH,"9) the addition of mass to a vibrating 
can only decrease the normal mode fre- 


system 


with the hence an 


: : : 
quencies associated 


] system, 


‘r bound for the frequencies will be the maxi- 
num frequency appearing in the spectrum of the 
base lattice. If we consider a lattice with only the 
then the maximum 
frequency will be equal to that of a lattice contain- 
ing only light atoms with probability p* (where p 


+ P . 
lity that a lig 


masses chosen at random, 


ht atom occupies a given 
e frequency spectrum is non-zero in 

region whose upper bound is the maximum 
frequency of a lattice with light atoms only. 
similarly, the frequency spectrum would be un- 
] to zero over a finite range if spring constants 
were changed as well by the addition of impurities. 
oth masses and spring constants are randomly 

1 over the lattice, then the maximum 

y of the lattice may coincide with the 
maximum frequency of a base lattice consisting of 
light atoms and stiff springs. However, if we were 
to assign masses at random but specify that the 
force constants of the springs coupling masses M 
to M, and those coupling Mz to Me differed from 
those coupling M, to Ms, then we could locate 
exactly the maximum possible frequency only if 
we knew that the largest force constants were 
associated with the coupling between the lightest 


masses 


and ALEXEI 
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In any event the procedure of the last paragraph 
provides us with upper and lower bounds for the 
averaged maximum frequency of any lattice. A 
lower bound for this frequency is the maximum 
frequency of a base lattice consisting of heavy 
atoms coupled by stiff springs. If we now consider 
a lattice consisting of a fixed proportion of atoms of 
one type, then we may improve the bounds for the 
averaged maximum frequency by using some re- 
sults of MONTROLL and Ports."4) For example, let 
us suppose that we have a linear chain with two 
types of masses such that there is a non-zero fixed 
concentration of light atoms in heavy atoms. Then 
an upper bound for the maximum frequency is the 
maximum frequency of a base lattice containing the 





03 04 05 06 OF O8 OF 10 
Me 


M, 





Fic. 3. Lower bounds of the maximum frequency. 
light atoms only. A lower bound is the maximum 
frequency of a base lattice containing heavy atoms 
only. An improved lower bound is the maximum 
frequency of a base lattice containing heavy atoms 
with one light atom as a defect. It is shown by 
MONTROLL Potts that the maximum fre- 
quency of such a lattice is given by 

Wn Mp -_ 

os (2-—)}  M>M:>0 

My 


and 


(100) 


wp* 


where wz* is the maximum frequency of the base 
lattice consisting of light atoms only. The ratio of 
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the maximum frequency to wz* of the base lattice 
consisting of heavy atoms is given by 


(101) 


WL Mp i 


wy* | M,) 
It is seen from Fig. 3 that for M2/M;, small the 
lower bound provided by the lattice with a defect 
is a substantial improvement over that provided by 
the lattice of heavy atoms. A similar analysis can 
be made for changes in force constants, using the 
results of MONTROLL and Ports. This analysis will 
not be given here. 

In the one case for which he could obtain an 
explicit solution, Dyson) found a frequency 
spectrum which was non-zero over an infinite 
range. However, this was due to the fact that 
neither the masses nor the spring constants were 
limited to any finite range. The approximate spec- 
trum found by ScHM1IDT®) is also non-zero over an 
infinite range, but this is probably due to his 
method of solution rather than to his model. 


9. THE LOW-FREQUENCY END OF THE FRE- 
QUENCY SPECTRUM 

It is well known that any additive function of the 
normal mode frequencies can be expressed as an 
average over the frequency-distribution function, 
g(w). As we have seen in Section 7, the calculation 
of this frequency-distribution function is an ex- 
tremely difficult task, and it has been by-passed by 
methods which give the additive function of 
interest directly without the necessity of knowing 
g(@). However, for discussing the low-tempera- 
ture thermodynamic properties of crystals, it is 
very convenient to know the form for the low- 
frequency end of the frequency-distribution func- 
tion, since it is just this portion of the spectrum on 
which these properties depend. 

For example, if the frequency spectrum, g(«), 
has a Taylor expansion about w = 0 of the form 


2(w) = aptaqw*+ayw'+... (102) 


the Helmholtz free energy of the crystal has the 
following low-temperature expansion 


A= Eo- NkT bs a2gm- 


Mm = 


(2m)! QRT \ 2mt1 
(2 ~ -Bins 1 | i 
(2m+2)! h 
(103) 
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where B,, is the nth Bernoulli number, N is the 
total number of degrees of freedom in the lattice, 
and Eo is the zero-point energy of the lattice. 

In this section we present a method for obtain- 
ing the coefficients dem which is valid both for 
ordered as well as for disordered lattices. 

The small w behavior of the frequency spectrum 
can be given in terms of Q(«) N~-"(d/de») In 
| A(ie)]. We consider the function Go) where 
A(w) is the matrix [+ Mo-}(w)5M(w) d 


Section 2. This function can be written 


iscussed in 


| Mo(iw)| |A(iw)| II (w?+ w;?) (104) 


or equivalently, 


In| Mo(te)| + In| A(zw)| b2 In(w?-+ w ;?) 
j 
vi 
Nn In(w?+v?)9(v) dv. 


0 


Differentiating this formula, we find 


| o(v) dv. (106) 


w+ iv) 


Let us assume that there exists some region around 
= 0 in which g(v) can be expanded in a Taylor’s 


series 


o(2m) 0+-) 
om ~y2m, (107) 


(2m)! 


We know that g(v) = g(—yv) and that g(v) is nor- 
zero over a finite range only. This implies that g(v) 
can be represented by a Fourier cosine series, 
which in turn implies a Taylor series containing 
only even powers of yv valid for v > 0 (notice that 
2(v ) = |r| is even in v, so that in any bounded 
region (—vz, vz) it can be approximated by a power 
series containing even powers only). 
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w+ir) 


(2m)! 


108 
(w+an )2m+1 ( ) 


we may write 


| LW 


| 8) de, (109) 


2m \w24 y2 


Successive integration by parts yields 


Q29'=”'( w) + 02'=™( w) 


rs , | 
yeomntv) av). 
| 


yresented in the 


s| he 


torn 
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found in terms of () near the origin simply by 
replacing w by iw. Hence we may use equations 
(47), (54), and (70) to determine the form of the 
small w part of the one-dimensional frequency 
spectrum of the disordered chain. Unfortunately 
it does not seem possible to say more about the 
radius of convergence of this representation. 
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Résumé—On montre que dans les taux 
impuretés paramagnétiques, 


la com 
statique obéit a une équation simple de 


tionnel a 


(a) la concentration en impureté 
| 


le coefficient de diffusion de spin 


une certaine ((longueur de rela 
spins nucléaires au voisinag¢ 


modifiée si les impuretés f 


Abstract—It is shown that in ionic crystals 


purities, the part of the total nuclear 1 


Te 
Ac 


relaxation equation. The inverse 1 


(a) the impurity concentration 


(b) the spin diffusion coefficient 


(c) a((relaxation length)), a, whose exact 


near vicinity of the paramagnetic 


rities are grouped in clu tet 


} 
a 


1. INTRODUCTION 
les 


LA relaxation nucléaire S 


spin-réseau 


cristaux ioniques est conrdlée par la présence 


d’impuretés paramagnétiques fortement c¢ 


au réseau.) Le champ magnetique fluctu 


ces impuretés induit des transitions 
leur voisinage immédiat. La portée 


auen 


pl esent 


physi juC 


’ 

Vexpérime! 
| 

4 ty ] 

Vous nous 1 CLUGC 


expérimentale de la rel: pin-reseau fournit 


des informations quantitatives sur la concentration 


1ucs., 


et la répartition des impuretés paramagneti 
De 


Z 


ce point de vue, on doit distinguer dés 


xation)), a, 
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niques 


dont la valeur exacte dépend 


immédiat des impuretés paramagnétiques. La 


gnetisation which is para 


ion time is 


impurities. 


5 


ation nucléair 


1 - ] y 
Ou la relax 


Ione wld Lohal, r dle 1 } ) 
inte de l’aimantation nucléaire globale paralléle au champ 


relaxation. L’inverse du temps de relaxation est propor- 


| 


du ¢ ym porte ment de S 


relaxation est 


orment des amas ou se groupent sur des dislocations 


1, 


where nuclear relaxation is due 


llel to the s 


proportional to 


\ alue depends on the behavior of the nuclear spins 1n the 


The relaxation rates are modified if the im- 


or on dislocation lines. 


deux situations 
distinctes 

(a) 
avec ul 


Le 


chaque spi 


Impuretés distribuées de fagon homogeéne 


le) concentration N (sec. II, II, IV) 
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1e (Tal 


_ nhttzein . 7 1, . “ » 
fait pnysique¢ fondamental est 


nucléaire subit l’effet (indire« 
‘e d’impuretés, méme si ces in 

Dans 
ire, l’aimantation nucl 
_— 


es conditions 


iforme (qui ¢ 


hamp de 


de facon exponentielle; seule 


st sensible au détail des « 


pia se 
uxilery 


et 


Pour des impuretés diluées, la de 


’ Cc 


beaucoup plus longue qu 
Pp | 


qui est observée en pratique. 


(b) Impuretés groupées en amas, ou sur des d 


1S- 


locations, etc. (section V). Ici, l’ordre de grandeut 


fondamentalement 
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constantes de temps peut étre fortement 


des 
on a donc la un moyen d’étude des 


modifié : 
groupements d’impuretes paramagnetiques, méme 
si elles sont tres diluées. 

Le point de départ de notre calcul sera l’équation 
de transport de |’aimantation, qui s’écrit sous sa 


forme la plus simple : 


iad D72p—C(p—po)[X| R—Rn|-*]—2Ap (1) 
t n 


p(R, t) est l’aimantation d’un spin nucleéaire situé 
au point R, p, sa valeur a l’équilibre thermique, D 
le coefficient de diffusion. C(R—R,, \-6 est la pro- 
babilité d’une transition induite par la n*™* im- 
pureté. Enfin 2A est la probabilité de transition due 


a la présence du champ de radiofréquence. On 
trouvera une estimation de C et de D dans I’article 
de BLOEMBERGEN."? L’équation (1) néglige l’aniso- 
tropie de la diffusion pour des interactions di- 
polaires, la dépendence angulaire de C, etc. 

Nous préférons cependant centrer rotre expose sur 
ce modéle simple et montrer ensuite que les con- 


clusions essentielles sont, en fait, plus générales 


2. METHODE DU PSEUDOPOTENTIEL 


Pour débrouiller l’equation (1), 
d’abord le cas d’uné impurete 
nétique, |’intensite du champ RF étant presque 


nulle La 


nucléaires est regie par 


envisageons 


seule paramag- 


distribution stationnaire des spins 


(2) 


D 2p+CR ®( po Pp ps 


on avoir ? ), car les spins 


Pour R ) doit 
ucléaires immédiatement voisins de l’impurete 
La solution 


T 
ii 


t toujours en ¢quilibre thermique 


sont 
i] Vinfini a la 


est nulle a! forme asympto- 


rminée par la solution 
raccorde a (3) aux grandes 


a Vorigine. On 


a 0-68 | 


D 


DE 


GENNES 


a mesure la portée de la relaxation en régime 
stationnaire. Dans les expériences de Bloembergen, 
on prévoit d’aprés (4) une portée de quelques A. II 
est essentiel de noter que a est trés inférieur aux 
autres longueurs caractéristiques qui interviennent 
dans notre probleme, a savoir : 

1” la distance moyenne entre 
(d’ordre N-!, ot N est le nombre d’impuretés 


impuretés 


par cm?). 
2° la longueur de diffusion de |’aimantation entre 


deux transitions induites par la radiofréquence. 


Cette longueur est de l’ordre de 
D 
24 


ko I 


On verra plus loin que koa < 1 méme pour des 
valeurs de A qui correspondent a la saturation. 
L’équation (1) décrit done un régime de diffu- 
sion libre, sauf dans de tres petites régions violem- 
ment perturbeées au voisinage de chaque impureté. 
Comme on s’intéresse uniquement a |’aimantation 
nucléaire globale, qui fait surtout intervenir des 
spins éloignés des impuretés, on est en droit de 
remplacer (1) par une équation plus simple, qui 
restitue les mémes propri¢tés asymptotiques pour 


les points éloignés des impuretés : 


Op 
ot 


(6) 


a l’extérieur d’une sphere de rayon a entourant 
chaque impureté 
p Po (7) 
a l’intérieur de chaque sphere 
On vérifiera aisCment que (6) et (7) conduisent 
bien a la solution (3) pour le cas d’une impureté 


isole € 


La méthode que nous employons ici a propos 
d’une equation de diffusion est inspirce de tech- 


niques analogues pour la résolution d’une équation 


] 


le nom de pseudopotentiel 


Elle est 


temps 


de Schr6dinger d’ot 


que nous avons choisi pour la décrir¢ 
i 

’ b j 
correcte lorsque l’on s’intéresse a des 


t aD et a des distances tres supérieures a a. 


3. ETUDE DE LA SATURATION 


La distribution stationnaire de l’aimantation 


nucléaire, ps(R), en présence d’un fort champ de 
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radiofréquence (caractérisé par la quantité 2A) 
s’obtient en faisant dp/dt = 0 dans (6). 

Il est possible de construire explicitement la 
solution pour koa < 1, en posant 


ps( R) pof 4g(R R») (8) 


a 
—e-k.R 


g(R)=-R 


\ o-k,a R<a 


R>a 
(9) 


g(R) satisfait a l’équation de diffusion dans la 
région extérieure (Ao étant défini par (5)). y est un 
facteur de normalisation dont on détermine la 
valeur en écrivant la condition (7) pour chaque 
site d’impureteé. 


po€e*»* + poENJdgRe(R) = po (10) 


Le premier terme de (10) représente la contribu- 
tion a la somme (8) de l’impureté pour laquelle on 
écrit la condition aux limites. Le deuxicme terme 
est la contribution moyenne des autres impuretes. 

(On peut vérifier par un calcul direct que |’écart 
quadratique réduit, qui mesure la dispersion par 
rapport a cette valeur moyenne, est 1/2ko9a, donc 
négligeable dans notre approximation). Finalement 
on déduit de (10) la valeur du coefficient é 
a 


2A+47NaD 


(11) 


et le pourcentage de l’aimantation nucléaire globale 
qui subsiste en présence du champ de radio- 
fréquence 


4nNaD 
2A+47NaD 


{ps(R)d3R 
pofds R 


12) 


La quantité mesurée par Bloembergen, dans ses 
experiences, était lintensité du champ de RF 


léaire globale. Il correspond a cette intensité une 
certaine valeur A, de A, que l’on déduit de (12) 
simplifié par 


(déja obtenu par un argument 


KHOUTSICHVILI 2?) 


2A4 = 4rNaD (13) 
Avant de discuter ce résultat, il convient de 


verifier que notre hypothése de base koa 1 est 


correcte, méme lorsque A est de l’ordre de A. 
On déduit effectivement de (13) et (5) que dans 
ces conditions koa ~ (Na?®)', donc tres inférieur 
al. 

Nous pouvons aussi vérifier une remarque faite 
dans l’introduction : le nombre d’impuretés qui 
ont un effet sensible sur un spin nucléaire est de 
ordre de Nko-? ~ (Na®)-? donc trés supérieur 
al. 

(13) montre que la quantité (47NaD)-! joue le 
role d’un temps de relaxation spin réseau pour 
l’aimantation nucléaire globale, en régime station- 
naire. Pour les concentrations d’impuretés N 
étudiées par Bloembergen, (47NaD)-! varie ap- 
proximativement entre ;'5 et 100 sec. 


4. REGIMES TRANSITOIRES 


L’ordre de grandeur des constantes de temps 
que nous venons d’étudier rend possible, entre 
autres, l’expérience suivante: le spécimen, en 
équilibre a la température T en l’absence de tout 
champ, est amené rapidement dans le champ 
statique. L’aimantation nucléaire atteint aussitdét 
sa valeur d’équilibre pour les spins qui sont trés 
voisins des impuretés paramagnétiques. Puis par 
diffusion, les autres spins nucléaires tendent a 
s’orienter pour atteindre finalement la distribu- 
tion d’équilibre donnée par (8) et (9). On suit le 
phénomeéne en appliquant un champ RF assez 
faible pour ne pas perturber la distribution. Le 
signal de résonance est proportionnel a |’aimanta- 
tion nucléaire globale. 

Son évolution peut étre analysée de la facon 


suivante : posons 


p(R, 1) (19) 


ps(R)+ X deOi( Rye upt 


Les fonctions 6,(R) sont les solutions de 


(uzx—2A)%( R)+D 26,(R)— 


— CO,( R) X| R—R,|-* =0 (20) 
nm 

Cette équation a méme forme que l’equation de 
Schrédinger d’une particule se déplacant dans une 
assemblée de diffuseurs répartis au hasard, chaque 
diffuseur créant un potentiel (répulsif) proportion- 
nel a 1/R$. 

Nous connaissons un tel cas de propagation en 

pag 

présence de perturbations trés localisées : il s’agit 


des neutrons thermiques, dans un milieu materiel 
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1 


aecrite au 


étaient absents, les 


des ondes planes 


(21) 


DE 


Pour kia l, 


(26) peut étre récrite 
4nNa 


9° 


indice de réfrac- 


C’est la relation classique entre 
| 
| 


tion 2 et la longueur de diffusion rencontrée 


notamment en physique du neutron 


(28) 


La présentation usuelle de (28), par exemple dans 
revient a calculer le déphasage 


1 
| 


le livre de FERMI,“ 


produit par une lame 4a faces paralléles. Ici, nous 


avons préféré construire explicitement la forme ap- 
prochée de 6;(R), qui servira d 
: 7 1? 


a suite. 
Finalement (27) p 


rmet d’écrire le spectre des 


valeurs propres de (23) sous la forme 
47NaD+2A+ Dk? (29) 


Cette 


d’ordre Nk? ou d’ordre supérieur en N. 


équation étant correcte a part des termes 


Nous allons maintenant appliquer ces résultats 
a l’étude d’un régime transitoire. Envisageons plus 


le cas cité plus haut, ot la radio- 
(2A = 0), 


particulierement 
un effet nég 
au temps 0, l’aimantation nucléaire est nulle sauf 


fréquence < ligeable et ou, 


au voisinage des impuretés 


p( R, t = 0) 


irbitraire 


en modine 


r les con- 


en effet pour ce cas 


p( Rt) pol 1+ 6o( Re Hol | (31) 


simplifiée (6) 
aire Po aux temps 
temps 0. Pour 
vérifier ce dernier point, 1 ifit de calculer la 
] - me nne de 6)(R) la 


vaieur moyenl a 
térieures, cette valeur moyenne est nulle d’apres 


ns les régions in- 


(26). Dans les régions extérieures 
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° a 
‘ Oo( R) N | an cos(Ryyu, JR) 


ce qui est justement la valeur désirée. 
La partie transitoire du signal est donc pro- 


portionnelle a 


JdsR[p(Rt)— ps R)] 
Po fd3R 


inNaD 


Cette dépendance exponentielle du régime tran- 
sitoire se retrouve pour une large classe de con- 
ditions initiales, et en particulier lorsque l’aimanta- 
tion au temps 0) a une valeur uniforme (quelconque) 
dans la majeure partie de l’espace entre impuretés : 
dans ce cas, en effet, le développement (19) ne fait 
intervenir pratiquement que 69(R). 

Dans toutes les situations pratiques rencontrées 
jusqu’a présent, on est donc en droit de décrire le 
mouvement de |’aimantation globale 7, par une 
équation de la forme 


dM, 


"= 4NaD(Mzo>—M,;)—24M;, (34) 


L’intérét de (33) ou de (34) est de montrer que 
c’est la méme constante de temps (47NaD)-! qui 
intervient pour le régime stationnaire et pour le 
régime transitoire. La forme exponentielle (33) a 
été vérifiée qualitativement par BLOEMBERGEN,")? 
mais l’identité des deux constantes de temps n’a 
pas encore été vérifiée 4 notre connaissance. 


5. IMPURETES GROUPEES 

Nous nous tournons maintenant vers des situa- 
tions plus complexes ot les impuretés para- 
magnétiques sont groupées, soit qu’elles s’attirent, 
soit qu’elles soient fixées sur certains départs geo- 
métriques du réseau. Qualitativement, a concentra- 
tion égale en impuretés paramagnétiques, on peut 
prévoir que la relaxation spin-réseau est d’autant 
plus Jente que la tendance a former des groupes est 
plus forte. Quantitativement, lorsque le specimen 
est macroscopiquement homogéne, |’aimantation 
nucléaire globale est encore régie par une équation 
linéaire 


2AM, (35) 


mais 7} est supérieur a (47NaD)“! 
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(35) est valable méme lorsqu’il existe simultané- 
ment plusieurs types de groupements (une partie 
1 


+ 
ies dis- 


des impuretés étant par exemple fixée sur « 
locations, une autre formant des paires); (35) peut 
étre établi par la méthode ((optique)) employée p 

haut, ou encore justifié par l’argument suivant : 
apres une courte phase transitoire, l’aimantation 
uniforme 


nucléaire atteint toujours une valeur 


pi(t) dans la majeure partie du specimen et 


Mt) = Vpi(t) (36) 


ot. V est le volume du specimen. Les groupes 
d’impuretés étant supposés isolés les uns des 
autres et de dimensions finies, chacun de ces 
groupes, le n*™* par exemple, peut étre considéré 
comme agissant seul dans un milieu infini ou, a 
grande distance, p est égal a p;(t). La quantité 
d’aimantation qui diffuse par seconde vers ce 
groupe est: —D(pi(t)—po)Bn ot Bn est un co- 
efficient dépendant de a et de la forme du groupe. 


On a alors : 
dM, . 
y= P(bo—Prlt))[ = Bn]—24M, (37) 

at n 


et on obtient (35) avec 


(38) 


l D 
% Bn 
T Vo 


Aprés cette discussion générale, nous passons a 
étude numérique de deux exemples, en faisant 
toujours usage de l’approximation du pseudo- 
potentiel (celle-ci n’est plus entierement correcte 
si les impuretés forment des groupes trés denses, 
mais elle suffit en pratique). 

Premier exemple : impuretés en amas. Soit No(R) 
le nombre moyen d’impuretés rencontré par unite 
de volume au point R, sachant qu’il existe une im- 
pureté a l’origine. Nous faisons choix pour No(R) 
de la forme simple 


N(R) R/p (39) 


qui exprime que chaque impureté paramagnétique 
est en moyenne coordonnée a v—1 autres im- 
puretés dans un domaine dont les dimensions 
linéaires sont de l’ordre de p. La relation qui rem- 
place (26) dans ces conditions est 





DE 


cos(kyR) _ 
etk. 


R4 


cos(kia)+Na | d3R 


(v—l)a cos(k; R) 
+ | d3R é 
. R 


Sip 


R/peik.R —() 
(40) 

ou encore, avec les mémes approximations : 
4nNa l)a ] 


1+(k? 


. 0 (41) 


2p k;?)p* 


le cas qui nous intéresse est celui ot p reste fini 
pour N 0. On peut alors simplifier |’équation 


ci-dessus, et l’on trouve finalement 
1] 4nNaD 


a 
1) 
2p 
Deuxiéme exemple : impuretés fixées sur des dis- 
locations. Soient A la densité de dislocation par cm? 
et 1/5 = NA la densité d’impuretés sur une dis- 
location. (26) est alors remplacé par 
cos(k, R) 


coskja+A a ( d3R etk 


2a 


cos(k,2) 
+ cos(k,a)+ ‘ 


dont la solution donne 
47NaD 
a 


Log,(5-4Na?) 


) 


GENNES 
6. CONCLUSIONS 


Nous voudrions insister maintenant sur le fait 
que (34) ou (35) ont un domaine de validité plus 
large que |’équation de transport (1) dont nous 
sommes partis. Outre les effets d’anisotropie déja 
mentionnés, |’équation (1) souffre du défaut 
suivant : dans les régions ot le champ local di aux 
ions est comparable au champ local nucléaire, 
comme l’a remarqué Bloembergen, les fréquences 
de Larmor de deux noyaux voisins ne sont plus 
égales; et la diffusion de spin est bloquée. Il y a 
donc une région (de rayon 6 x 10 A) autour de 
chaque impureté dans laquelle le mécanisme de 
transport est profondément modifié. Toutefois, il 
sufft d’admettre que l’aimantation (ou mieux, 
l’energie magnétique) obéit encore dans cette zone 
a une équation /inéaire, pour pouvoir définir une 
longueur de relaxation a par la forme asymtotique 
(3). Avec cette nouvelle valeur de a, la formule (34) 
restera valable. Enfin, pour l’étude des groupe- 
ments paramagnétiques, on remarque qu’il inter- 
vient toujours trois constantes : NaD, p et v dans le 
premier exemple, NaD, A et 6 dans le deuxiéme. 
Ces constantes doivent étre déterminées par des 
expériences successives (recuits, etc) ou par l’ad- 
jonction d’informations indépendantes (mesures 
directes de A, etc). 

Pour conclure, nous tenons a remercier le Pro- 
fesseur A. ABRAGAM, qui nous a suggéré ce pro- 


bléme. 
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Abstract—Many useful ferrimagnetic oxides which crystallize with the spinel structure contain 
several transition metals, each of which can exist in two or more possible oxidation states. A specific 
formulation for many such materials is very difficult. An approach to this problem, in some cases, can 
be made through crystallographic studies. The tetragonal distortion from cubic symmetry exhibited 
by several spinels containing manganese has been attributed to characteristic properties of Mn** ions 
occupying the octahedral positions in the lattice. Several new compositional systems containing man- 
ganese and crystallizing with the spinel structure have been prepared and studied crystallographically 
and magnetically. The following solid-solution systems were chosen because they appeared to 
present a minimum of ambiguity in composition and in the distribution of cations among tetrahedral 
and octahedral positions: ZnzGe,-,Mn,O,, ZnzGe,-xCoo.-.,Mn.z,O,, and ZnzLi,-2.Mn,O,. The 
tetragonal distortions from cubic symmetry observed for these systems can be accounted for by 
assuming that the octahedral sites are occupied by more than a critical fraction, 60-65 per cent, of 
Mn** ions. A complete range of solid solutions in the system Co3;-zMnzO, was prepared and 
formulas assigned on the basis of this rule. The configuration, for values of x between 0 and 2, 
appears to be Co**[Co#*,Mnz*+]O,. The observed magnetic properties (saturation magnetization 
at 4-3°K and Curie temperatures) can be interpreted in terms of this configuration. The magnetiza- 
tion measured for cubic materials is the result of Néel-type magnetic coupling between Co** ions on 
tetrahedral sites and Mn** ions on octahedral sites. Tetragonal materials apparently have a more 
complex magnetic structure. The configuration of Co,;-x7MnzO, for values of x between 2 and 3 
appears to be Co; +¢-Mnz+.[Mn,**]O,. The crystal-lattice constants, saturation magnetization 
(4:3°K) and Curie temperatures are given for a number of materials, including GeMn,O,, LiMn,QO,, 
Co,0,, MnCo,0,, CoMn,O, and Mn,Q,. 


1, INTRODUCTION fabricated is a case in point. After the most 


THE element manganese is a common constituent 
of many useful ferrimagnetic materials which 
crystallize with the spinel structure. The several 
possible oxidation states of manganese often make 
it difficult to represent these compositions with a 
specific formulation. The manganese—magnesium 
ferrite composition from which millions of memory 
computers have been 


elements for automatic 


* The research in this document was supported by the 
U.S. Army, Navy, and Air Force under contract with 
the Massachusetts Institute of Technology. 
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t Now with R.C.A. Laboratories, Needham, Massa- 
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thorough chemical analysis possible, this material 
can be assigned a chemical formula only within 
certain limiting concentrations of specific oxida- 
tion states of iron and manganese." 

The possible oxidation states existing in the 
tetragonally distorted spinel structure of MngQOq 
and ZnMngOxq have been the subject of consider- 
able thought and experiment. At room tempera- 
ture the axial ratio c/a for MngQOq4 has the value 
1:16 while at 1170°C MngQyj is cubic. The elec- 
trical conductivities of Mng04, and ZnMn2Oq 
(c/a = 1-144) show definite thermal hysteresis 
between 1075 and 1150°C., and between 950 and 
1125°C, respectively.“) These properties were 
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explained by GooDENOUGH and LogB®) who de- 


scribed them as a consequence of the tendency of 
the 


trivalent manganese ions which have outer 


electronic structure 3d to form square planar dsp° 
g octahedral sites in a face- 


Mn de, 


coplanar, shortened covalent 


] xx7} > 1ITy 
bonds when occupyll 


, yak : 
centered-cubic oxygen lattice. In each 


group ther 
ds extended four of the near-neighbor 


(This explanation is compatible with 
theory as was shown by Dunitz and 


| axis (c-axis) of the octahedron 
nger If the 


crystals are tet1 


c-axes of all octahedra 
agonally distorted 


symmetry and the axial ratio c/a has its 
; , 
[he probable configurations for 


Mn?*[Mn? 


maximum value. 
Mn30, and ZnMneO, are thus, 
id Zn**[Mn?+Mn?*]O,.* 

ing to the theory of GOODENOUGH and 

the distortion of the spinel crystal from cubic 
tetragonal must be regarded as a cooperative 
phenomenon. If, for example, a solid solution 
syste m A[Bo - Min 3 *|A )4 iS COI sidered, the follow- 
ing sequence of changes can be anticipated. For 
small Mn? 
occupy isolated positions in the cubic lattice, and 


values of x, most of the ions will 


the distortion of individual octahedra will be in- 
hibited by the strain energy. As the value of x is in- 
creased, SO also does the probability that several 
Mn? 
tions. Localized, small regions in the crystal may 
develop in which the energy gain associated with a 


ions will occupy adjacent octahedral posi- 


cooperative distortion of several octahedra is 
sufficient to overcome the strains imposed by the 


Within each of 


regions the longer axes of the octahedra are parallel, 


surrounding cubic lattice. these 
but these axes in respect to the whole crystal are 


oriented randomly along all three equivalent 
cubic axes. As long as the regions of oriented octa- 
hedra are too small to be detected by X-ray diffrac- 
tion measurements, the crystal appears cubic. This 
situation will be referred to below as short-range 
order. Finally, at a certain critical value of x, a long 
range ordering sets in and a tetragonal distortion 
of the crystal as a whole takes place A two-phase 
system containing a Mn** rich, tetragonal phase 
may form depending on the thermal history of the 
sample. 

* Brackets enclose ions occupying octahedral sites in 
the spinel structure. The ions outside the brackets occupy 


the tetrahedral sites 


w. J. CROPT 


and 


Mason ® 
of 


studied the crystallographic prop- 
erties the solution FegQ04- 
Mng04 (or Fe3-7Mn,O,4) in end 
member is cubic, the other tetragonal. Synthetic 
above 


solid system 


which one 


materials prepared by igniting oxides 
1200°C exhibited a cubic structure at room tem- 
perature from 0 to 60 per cent MngQOx, a tetragonal 
structure from 60 to 100 per cent MngOq: through 
the latter region the value of c/a increased from 
1-00 to 1-16. The temperature at which the transi- 
tion from tetragonal to cubic symmetry takes place 
was studied by McMuropie e/ al.) and found to 
increase from 400-500 C for 65 per cent MngQOxq to 
Eh iy @ MngQq Mason) 
studied some mineral specimens belonging to the 
Feg04—-Mn30,4 evidence that 
compositions containing from approximately 54 
per cent to 91 per cent MngQOq,, will form two 
phases if allowed to reach equilibrium: one cubic, 


for pure However, 


system and found 


poor in manganese and one tetragonal, rich in 
manganese. VAN Hook and KeitTH"5) have de- 
scribed more completely the solid-phase equilibria 
for this system. Complete equilibrium at tempera- 
tures below 900°C is approached very slowly so 
that it is possible to prepare a complete range of 
single-phase solid solutions in this system by 
reacting the appropriate oxides at a sufficiently 
high temperature and cooling the products not too 
slowly. 

The configuration of Feg04 has been estab- 
lished by magnetic measurements and neutron 
diffraction studies as Fe3*[Fe2+Fe®*]Oq. If it is 
assumed that the solid solutions between Fe304 
be formed without changing the 
oxidation the distribution of 


cations in the pure end members, the composition 


and MngQq can 
states present or 
containing the greatest quantity of manganese 
remains cubic at room temperature can 
be written Fei ,)Mnj %o[FestoFes joMnj 5, ]O4. It 
could be inferred from this formula that if more 
than 60 per cent of the octahedral sites are occupied 
by Mn** ions, the symmetry of the spinel structure 
becomes tetragonal. The assumption that FegO4 
and MnrgQ, dissolve in each other unchanged can- 
several other 


which 


not be made without reason and 


formulas can be written to express the same com- 


position. An example is the formula Mnj%oF e555 
[FetoMnjj)J]O4 which represents a 2-4 spinel 


containing the manganese as highly oxidized as 


possible. 
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FINcH et al.) have studied the solid-solution 
systems Mng0O4-NiFeQg, MngO4—-CoFe2Q0q, 
Mng04—MnFee04 and MngO4-Feg0,4 and _ state 
that 62-5 per cent, 55-5 per cent, 50 per cent, and 
60 per cent, respectively, of the octahedral sites are 
occupied by Mn** ions where a tetragonal distor- 
tion first appears at room temperature. These 
authors have that the 
ferrites in each solid solution series are ideal in- 


assumed end member 
verse spinels and that they have mixed with no re- 
distribution of the cations among the two kinds of 
lattice sites. It is necessary to point out that the 
system MngOq-MnFe2O4, if prepared under 
similar conditions, is in reality another way of rep- 
resenting two-thirds of the system MngQq 
FegQy4. ‘The observation that 50 per cent in one case 
and 60 per cent in the other represents the critical 
fraction of Mn** must be attributed to a lack of in- 
formation concerning the distribution of cations 
and the oxidation Indeed, the 
ferrite MnFe20,4 has been found to possess a 
structure essentially that of a normal spinel. 
Hastincs and Cortiss%6) through a neutron 
diffraction study established the fact that ap- 
proximately 80 per cent of the manganese ions in 
MnFegQO, occupy tetrahedral sites. 

In order to investigate further the possible re- 


states present. 


lationships between crystal symmetry, magnetic 
properties, and the amount of Mn** present in 
substances with the spinel crystal structure and 
thus to resolve the ambiguities en- 


countered in assigning specific formulations to 


some of 


new compositional 


These particular 


complex several 
systems have 
systems were chosen because they provide a 
chemical situation which is not as complex as that 
found in manganese-iron oxide systems. In three 
of the systems, (ZnzGey-zMn2O4, ZnzGey-z 
Coe-97Mne,O4, and Liy-7ZnzMn}i,Mn‘{",04), an 
attempt was made to introduce into the spinel 
structure ions of unambiguous oxidation state 
which would occupy tetrahedral sites exclusively. 
This would permit chemical analysis for the oxida- 
tion value of ions in octahedral sites. ‘The interest- 
ing results of these experiments led to an investiga- 
tion of the apparently more complex system Cog 
Mn,,Og. 

The crystallographic data reported below is 
taken from measurements made with a Philips 
Diffractometer. MENYUK and DWIGHT 


systems, 


been = studied. 


Norelco 


made the magnetic measurements using a modified 
vibrating-coil magnetometer recently described by 
Dwicut, MenyvK and Smirtu.®) The measure- 
ments of saturation magnetization were made in a 
10,000 Oe and are accurate 


magnetic field of 
within ca. 2 per cent. Curie temperatures were 


found by extrapolation to zero moment of the 
linear portion of the magnetization vs. temperatur 
curves. Details of the techniques for powdered 


samples are given in reference 9. 


2. THE SYSTEM Zn‘**Ge}*,Mn3",,Mn:;;O, 

This composition system may be referred to as a 
solid-solution between GeMneQ0, 
ZnMneO,. Pure, almost white, manganous 
manate Ge4+Mnp** Oy, was prepared by sintering 
together the appropriate quantities of MnO and 
GeOsz under an inert atmosphere. It was found by 
X-ray analysis to be isomorphous with the mineral 
olivine (Mg, Fe)2SiO4. The symmetry is ortho- 
rhombic with ap = 5-05 A, by = 10-70 A, and 
Co = 6:28 A. In the olivine structure the divalent 


series and 


ger- 


ions occupy octahedral sites, the tetravalent ions 
tetrahedral sites, in an approximately close- 
packed, hexagonal 
Although the same number of tetrahedral and 
octahedral sites are occupied as in the spinel 
AB2Ou, the arrangement of these sites is less sym- 
metrical than in the spinel structure. The olivine 
structure can become stable when the ratio of the 
radius of the B ion to that of the A ion exceeds a 
certain limit. Nickel and cobalt germanates, 
GeNigO,4 and GeCo20, crystallize as normal cubic 
0-69 A, reo" 0-73 A, whereas 


array of oxygen anions. 


spinels) (7..,+ 
1vin2+ = 0-80 A). 

By heating mixtures of ZnO, GeOz, and MneQg 
at 1150°C in air, it was possible to prepare the 
compositions Zn,Ge}*,Mn5*,,.Mn3* O4 which con- 
sist of a single, reddish brown spinel phase for 
values of x greater than 0-5. Preparations ignited 
below 1100°C do not consist of a single phase. 
X-ray diffraction patterns, chemical analyses, and 
saturation magnetization measurements were made 
for each composition. The results are shown 
graphically in Fig. 1. 

A tetragonal distortion is observed for values of 
x greater than ca. 0-6. It is reasonable to assume 
that in this system the Zn?+ and Ge** occupy 
tetrahedral positions in the spinel structure and 
that no oxidation—reduction reactions have taken 
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place between germanium or zinc and manganese. 
The average valence found experimentally for the 


manganese in the composition with x = 0-6 1s that 


represented by 0-8 Mn** ions ard 1:2 Mn?* ions 


Saturation magnetization mx and lattice constant 


) as a function of x for the system Zn,-7,Ge,-x 


Mn3.5,Mn;; *O, 

per molecule ABgQO,. Therefore, the formula 
Zn, Ge, j[MnoiMn}3]O4 can be written to rep- 
resent the configuration for the composition con- 
taining the most Mn®* which will remain cubic at 
room temperature. This formula is analogous in 
terms of Mn**+ to that one given above for the 
critical composition in the Feg04—MngQy, system, 
Fes tong col F Ca. so¥ 0.10 M1 90 1O4- 

The saturation magnetization (4:2°K) decreases 
with increasing values of x. An inflection in the 
curve occurs for a value of x between 1:2 and 1:3 
corresponding to the appearance of a tetragonal 
distortion. 

Since analogous formulas may be written for 
the critical compositions in both of the systems 
described above, in terms of other possible oxida- 
tion states of manganese (e.g., Mn** 0-5Mn2++ 
+0-5Mn**), experiments were undertaken to 
synthesize some materials with the spinel structure 


containing Mn** ions. 


3. THE SYSTEM Li;_,Zn?* Mn}; Mn,*oO, 


When lithium carbonate and any oxide of man- 
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ganese are taken in such quantities that the molar 
ratio Li/Mn equals exactly 0-5, mixed intimately 
together and reacted at 800—-900°C in the air, re- 
peatedly ground and reacted at this temperature 
until the sample has reached constant weight, the 
bluish-black product has a composition which can 
be formulated LitMn*+Mn?*O,. X-ray diffraction 
patterns demonstrate that it crystallizes as a cubic 
spinel with ap = 8-246 A. The most likely con- 
figuration for this compound would be Li, 
[Mn?*Mn4+]O4. The (220) ard (224) reflections 
usually observed in the X-ray powder patterns of 
spinels are absent in the pattern for LiMngOq. The 
intensities of these two reflections are chiefly de- 
pendent upon the atomic scattering factors of the 
ions occupying tetrahedral sites.“!) Therefore, the 
light lithium atoms (Z = 3) with their low scatter- 
ing power for X-rays are probably the occupants 
of the tetrahedral sites in the structure of LiMneQOq. 

If the configuration Li*[Mn?* Mn** ]Oqis correct, 
Mn? 
positions in the spinel structure without causing a 
tetragonal distortion, and this is consistent with 
the inference above that 60 per cent is the critical 
fraction. Tetravalent manganese ions here occupy 
50 per cent of the octahedral sites also without 
causing a distortion from cubic symmetry. The 


ions occupy 50 per cent of the octahedral 


critical compositions in the FegO4-MngOq4 and 
Znj-xGexMngO4 systems can be _ formulated 
Mn; tFe>t[Fe}jMni4J]O4, and Znj¥,Gei*[Mni4 
Mn} 4,]O4. Neither of these two substances contain 
more Mn** than Lit[Mn?+Mn‘4*]Oq. An effort was 
made to increase the amount of Mn‘* present by 
increasing the value of the atomic ratio Li/Mn 
slightly. The result was the appearance of a 
brightly-colored, red, second phase which was 
identified as the compound LigMn**Og. An effort 
was made also to increase the amount of Mn** 
present by decreasing the value of Li/Mn. The 
result here was the appearance of MngQg as a 
second phase. 

An alternate method of varying the amount of 
Mn** present in the octahedral positions appeared 
in the possible synthesis of the system Li*;-7Znz?* 
[Mnjt.Mnj*.]O4, ie., a solid solution system 
LiMn?+Mn**04- ZnMno**O,. The value of x was 
varied from 0-2 to 0-6 by sintering mixtures-of the 
appropriate oxides at temperatures ranging from 
800 to 950°C. Two phases were present in all 
samples, one cubic and one tetragonal. The 
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tetragonal lattice constants indicated a composition 
close to that of pure ZnMngQ4. This behavior is 
similar to that described by Mason for the system 
Feg04—MngQO, at equilibrium below 950°C. 

Preparations in this series were not attempted at 
temperatures above 950°C because LiMngQOy, de- 
composes above 950° with the evolution of oxygen 
and simultaneous reduction of tetravalent man- 
ganese. The decomposition temperature was deter- 
mined by differential thermal analysis and the re- 
duction of the manganese was discovered by 
chemical analysis of samples quenched from 
1000°C. The possible values of x for single-phase 
compositions in this system, although they have 
not been determined accurately, are restricted to 
very narrow ranges and all single-phase composi- 
tions are probably cubic for values of x less than 
0-6. 

The saturation magnetization 
LiMngO, is essentially zero. 


observed for 


4. THE SYSTEM Zn*" Ge}*,Co;),Mn;; O, 

It was possible to obtain single-phase prepara- 
tions throughout this series by sintering mixtures 
of the appropriate molar quantities of ZnO, CoO, 
GeOzy and MneoQg at 950-1100°C. The end- 
member, Ge4*+Cog?+O4(x = 0) is a pink, normal 


OcS—————————erenn—a_—eeedeo,e | 


° 
a 





{e) 


Ng» tip/ Molecule 








Fic. 2. Saturation magnetization nz(4°K) and lattice 
constant a,(25°C) as a function of x for the system 


ZnzGe,-zCos-,Mns; Oy. 


cubic spinel with ap = 8-318 A (ROMEIJN gives 
ag = 8-3175-+--0005 A).20 The other end-member 
(x = 1) is the yellow-brown, tetragonal ZnMn2Oq 
(ag = 8-087 A, co = 9-254 A, c/a = 1-144 A). The 
value of ap for the black, solid solutions increases 
almest linearly from 8-318 for x = 0 to 8-395 A 
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for x = 0-65. A tetragonal distortion is observed 
for values of x greater than 0-65 with c/a increasing 
from 1-00 to 1-144 for x = 1-0. The data is shown 
graphically in Fig. 2. 

Two reasonable formulas can be written for the 
critical ccmposition: (1) Znj%,Ge)$-[Cop +, 
Mni‘)JOq and (2) Zn24,Get's,[Co%soMn3 
Mn) §]O4. The first formula showing 65 per cent 
of the octahedral sites occupied by Mn** ions, is 
analogous to the formulas which may be written 
for the like members of the two systems described 
above, FegO,-MngQOq4 and Zn,Ge,—,Mne2O4. The 
slightly greater value for x required to produce a 
tetragonal distortion at room temperature in the 
ZnzGe}-zCoe-2,MngzO4 system perhaps can be 
explained by assuming that some of the cobalt 
ions exist as Co*+ ions so that a slightly greater 
manganese content is required to fill 60 per cent of 
the octahedral sites with Mn?*. Other explanations 
are possible. 

The saturation magnetization curve for this 
system is presented and compared with the crystal- 
lographic data in Fig. 2. There is a maximum value 
for ng of 0-78 g/molecule observed for a value of 
x equal to ca. 0°32, ie., Znj5.Gej [Cor s, 
Mn,)%,]O4. There is an inflection in the curve 
corresponding to the value of x for which a tetrag- 
onal distortion of the lattice first appears. The 
values of mg for the tetragonal samples are uni- 
formly very small varying from 0-1 wz/molecule 
for x equal to 0-65 to 0-034 ~z/molecule for x 
equal to 1-00. A magnetization curve for the 
system ZnzGey—,Mn2Oq4 was obtained only for 
values of x greater than 0-5 because of the limited 
single-phase region. This curve is similar in shape, 
however, to the curve for the Zn;Ge,—,Co;*,,. 
Mn;; system. 


5. THE SYSTEM Co,_,Mn,O, 

5.1. Preparation 

A complete range of solid solutions in this sys- 
tem was prepared by sintering in the air intimate 
mixtures of cobalt and manganese oxides obtained 
by the thermal decomposition of coprecipitated 
cobalt and manganese oxalates. The composition 
of each sample was determined entirely by chem- 
ical analysis because the preparative procedure was 
not quantitative. It was necessary to prepare a few 
samples of particularly desired compositions from 
pure oxides. 
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> . . ] ] ~ . sige 
was necessary also to determine the oxidizing 
f each sample in order to find a proper re- 
temperature This the fact 


he pure oxide CogQy, is stable in air only 


VeT ¢ 
follows from 
t 
| MngQOy4 1s stable in the air only 

Ihe 


ire presented graphically in 


results of two reaction tem- 
Fig. 3. 


sition for the system 
and 1000°C. 


vs. comp« 


prepared at 800 °¢ 


V/ 


Fic. 


temperature 


(Tc), 


f\ if | 
LW \E 
\ ta NY 
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and 


8-083 A* for x equal to zero to 8-316 for x 1-20. 
For values of x greater than 1-20, the samples 
crystallize with tetragonal symmetry. The c/a 
ratio increases in value from 1-000 to 1-148 for 
x = 2-00. (See Fig. 4). This latter composition 
CoMngQy4 possesses a c/a ratio almost as great as 
that of pure MngOa(c/a 1-16) and thus can be 
assumed to have 

Co*+[Mn?*Mn?*]QO4. 


the same result; his value for the axial ratio c/a 


an analogous configuration, 


) 


Boncers"?) has arrived at 
is 1.15. 

It is possible again to account for the tetragonal 
distortion of a spinel structure by assuming that 
more than a critical fraction, viz., 60 per cent, of the 
octahedral Mn** ions. 
CossEE"3) has shown that the most probable con- 
figuration for CogOQ4 is Co?*[Co?*+Co+]O4. There- 
fore, as x is varied from 0 to 2-00, in the system 
Cog_7,Mn,O4, Mn? 
Co** ions on the octahedral sites. The composition 
Mn** and yet remains 


sites are occupied by 


ions will be substituted for 


which contains the most 


, a i 


4. Saturation magnetization (mz), Curie 
and unit-cell 


dimensions 


vs. composition for the system Co ,-,Mn,Q,. 


5.2. Crystallographic properties 

X-ray diffraction measurements show that com- 
positions in the system Cog-7MnzQy, crystallize 
with a cubic spinel structure for values of x from 
zero to 1-2. The length of the unit-cell edge in- 
creases almost linearly through this region from 


temperature is approximately 
]O4 in analogy to similar sub- 


cubic at room 
Co?* [Cop 3o9Mnj 5, 
stances in the two systems, Zn,;Gey—;MneO,4 and 


ZnzGe,—7Co,*,, Mn37 Og. 


* Measured by R. J. ARNoTT for a sample whose com- 


position is Co,QO, gos. 





PROPERTIES CONTAINING TRIVALENT Ja-1044 MANGANESE 35 


5.3. Magnetic properties 

The values for the saturation magnetic moment 
(nz) measured at 4-2°K and the Curie temperature 
(7..) are plotted along with the lattice constants of 
the system Cog_7Mn,O, in Fig. 4. 

The magnetization curve for values of x from 0 
to 1-2 can be interpreted quite easily in terms of the 
spinel configuration deduced above from crystallo- 
graphic considerations. This configuration for 
values of x from zero to 2-00 can be written 
Co?*[Co3*, Mn} Og. 

CossEE"3) has studied the paramagnetic suscepti- 
bility of a number of substances with the spinel 
crystal structure which contain Co** ions. He finds 
that generally this ion, when occupying octahedral 
positions, is diamagnetic. This property can be 
attributed to the tendency of the Co** ion to form 
covalent bonds with its six oxygen neighbors 
through six hybridized d?sp? orbitals. It acquires in 
this way a completely full 3d electron shell and 
does not contribute to a net magnetic moment. 

The magnetic moments for Co?*[Co;" 
Mni*]O4 would be the result of indirect Neéel 
type coupling between the Co?* ions on the tetra- 
hedral sites (A-sites) and the Mn** ions on the 
octahedral sites (B-sites). The values indicated by 
the dashed line in Fig. 4 are calculated using the 
“spin only” (orbital moments quenched) values of 
3-0, 4-0 and 0 yg for the moments contributed by 
Co?+, Mn#+ and Co*+ ions, respectively. The com- 
position (x = 0-75) for which the moments on the 
tetrahedral sites are exactly equal to the moments 
on octahedral sites has a net moment of zero. The 
experimental curve beginning at zero for the para- 
magnetic Co3Q,4 reaches a theoretical value for x 
equal to 0-45 and then follows the theoretical curve 
until x is equal to 1-2. The experimental “‘com- 
pensation point” occurs for x equal to about 0°8. 
An increasing small divergence from theoretical 
ca. 0-7. The 
number of Mn+ ions on octahedral sites increases 


Pe ocecl 
1-2) and 


values for ng appears to begin for x 


through this composition range (0 < x 
hence the number of A-B interactions increases 
producing a constantly rising Curie temperature 
which reaches a maximum of 191°K at x 1-2 
An abrupt change in the magnetization curve 
occurs also for this value of x. These changes 
coincide with the change in crystal symmetry at x 
equal to 1-2. 

An appreciable magnetic moment appears again 


x 


/ 


for values of x greater than 2-1 reaching a maxi- 
mum of 1-4 ,/molecule for pure MngQq. The 
Curie temperature of MngQyq is 30°K. Borovik 

ROMANOV and ORLOvA have reported a value of 
42-5°K for T..8) 


6. DISCUSSION 

Three solid solution systems crystallizing with 
the spinel structure have been studied in each of 
which a tetragonal distortion at room temperature 
is associated with a critical composition. The 
formulas expressing these compositions and a rea- 
sonable distribution of cations are: Znj,*,.Ge}*, 
[Mn2i,Mn'+,]O4, Zn24,Ge',[Co3$,Mn’,JOg, 
and Co?+[Co?t,Mn{$,JO4. Thus, with Zn2++ 
Ge**, or Co?* ions occupying the tetrahedral sites 


and Mn?*, Co? 


occupying octahedral sites, 60-65 per cent of Mn?* 
pying I 


, or Co+ ions besides Mn+ ions 
ions on the latter type sites can cause a distortion 
of the spinel lattice from cubic to tetragonal sym- 
metry. Other ions present in octahedral sites must 
be indifferent, however, and not in themselves in- 
fluence the the either 
through bonding properties or packing considera- 


symmetry of structure 
tions, for this rule to apply. 

The critical compositions given by FINcH, 
SINHA and Sinna™) for the systems Fe30, 
MngOq4 and NiFegO,-MrgO,q are respectively 
[Ni?t,,Fes 
very well. The critical composition given by these 
50 per 


authors for the system MnFe20,—-Mn30,4 


{ 
a \ 
cent Mn?+) should be the same as that for the 


Fe304—-Mn30,4 (see Introduction). The 
critical composition in terms of Mn** for the sys- 
tem MnFe20O,-Mng3Q0, can be recalculated on the 


basis of the known distribution of iron and man- 


system 


ganese cations in MnFe2Oq among tetrahedral and 
octahedral HASTINGS and 
Cortiss.“%6) If the distribution of oxidation states 
given by Harrison ef al.” for MnFe2O4(Mnq 5 
Fe, 5[Fe,>Fe;,Mn;5]O4) is accepted the critical 
composition Mg boF €o 101 F €o.80% €0.10 
Mn}; ]O4. Here 55 per cent of the octahedral sites 
are occupied by Mn** ions and a better agreement 
Mns3Q0,4 
system and with the value 60-65 per cent deduced 


In- 


sites determined by 


becomes 


is found with the value for the Feg0O4 


in the present work. It was pointed out in the 
troduction that it is frequently unsafe to assume 
that solid solutions can be formed without changing 
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the oxidation states present or the distribution of 
cations in the pure end members. The remaining 
lack of agreement between two values which should 
be identical is possibly due to the invalidity of this 
assumption. 
The configuration of the CoFe20,4 

MngQxq (FINcH et al. give 55-5 per cent Mn** for 
the critical composition) is particularly difficult to 


system 


deduce because there are present three metals each 
with more than one possible oxidation state. 

The mechanism given by GOODENOUGH and 
Logs’) can be invoked to explain the tetragonal 
distortion of crystals containing more than the 
critical fraction of Mn** ions. The distorted octa- 
hedra of oxygen anions surrounding the Mn** ions 


ransition 


temperature tetragonal- 
in the ystem Zn,Ge, 
Mni," JO, 

are forced by elastic energy considerations to align 

their longer axes parallel and the whole crystal 


1 


becomes increasingly tetragonal. Reference to Figs. 
1, 2 and 4 shows that the tetragonality, when it 
appears, develops rapidly for a small increment in 
1 

FincuH et al. have treated this problem mathe- 
matically as an ordering phenomenon and con- 
clude that the mechanism of bulk distortion is best 
describe terms of a net fraction of distorted 
octahedra with their electrovalent bond direction 
parallel to the c-axis of the crystal. The depend- 
ence of this fraction on temperature is reflected in 


the increasing tetragonal to cubic phase-transition 


and W. J. CROFT 

temperature for the system Feg3_zMn,O,4 measured 
through the region from x equal to 1-95 to x equals 
3-00.6) It would be interesting to know if com- 
positions containing a little less than the critical 
concentration of Mn*+ which are cubic at room 
temperature become tetragonal at a lower tem- 
perature. T'wo transition temperatures for the 
system ZnzGej-z[Co5*,,Mn3;]O4 were deter- 
mined.* These values and a value for pure 
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nit-cell volume (A*) as a function of composi- 
ZnxGe,-2[Coo-2,Mn5; JO, and 
Mn, JO. 


Fic. 6 


for the 


systems 


Co? [Co } 


tion 


ZnMn2Oq4 reported by ROMEIJN permit the con- 
struction of the graph shown in Fig. 5. If the extrap- 
olation to absolute zero is allowed, the critical 
fraction of Mn** ions required to produce a tetrag- 
onal distortion at 0K is at the most only a few 
per cent smaller than it is at room temperature. 

limited in 


* Measurements made by R. J. ARNOTT 


number by unavailability of apparatus. 





PROPERTIES CONTAINING TRIVALENT Ja-1044 MANGANESE 


FiIncH et al. observed in the systems they studied 
a linear relationship between the cube-root of the 
unit-cell volume and composition. They con- 
cluded on this basis that the orientation of dis- 
torted octahedra in cubic crystals is completely 
randomized. 

The unit-cell volume is plotted in Fig. 6 as a 
function of composition for two of the systems 
studicd in the present work, Zn,Ge,—z[Co5%5, 
Mn3{]O4 and Co?+[Co5*,,Mn3*]O4. A signif- 
icant departure from normal behavior occurs for 
values of x equal to approximately 0-3. There is a 
sharp inflection in both curves corresponding to 
the change in crystal symmetry (x = 0-60—0-65). 
This behavior is possibly caused by an increasing 
degree of short-range order existing among the 
distorted MnOg octahedra like that described in the 
Introduction. As the critical composition is ap- 
proached, localized regions of parallel-oriented, 
distorted octahedra increase in number and effect 
a relative contraction of the lattice previous to the 
long-range cooperative distortion of the entire 
crystal. 

The Mn+ ions in distorted interstices can be 
expected to couple magnetically in a different sense 
through the short covalent bonds than through the 
long electrovalent bonds.“4) Although the pre- 
dominant magnetic coupling in the system 
Cog_7+Mn,Ou, for values of x between 0 and 1:2, is 
Néel-type coupling between Co?* ions in tetra- 
hedral sites and Mn+ ions in octahedral sites, 
more complex magnetic ordering may develop in 
the localized regions of distorted octahedra. ‘The 
experimental magnetization curve shown in Fig. 
4 is seen to diverge slightly from the theoretical 
curve for a value of x equal to ca. 0-7. The diverg- 
ence of the unit-cell volume curve begins for ap- 
proximately the same composition. ‘The divergence 
of each increases gradually with increasing Mn? 
content until, at the point where the crystal be- 
comes tetragonal, an abrupt change in both the 
magnetization and unit-cell volume curves takes 
place. The fact that the Curie temperature re- 
mains relatively high after the magnetization has 
abruptly fallen off indicates that relatively strong 
magnetic interactions persist into the tetragonal 
region, but that a new and more complex orienta- 
tion of ionic moments exists throughout the crystal. 
If a similar orientation of magnetic moments were 
to occur within the localized regions of ordered 
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MnO, octahedra, it could account for the experi- 
mental fact that the observed magnetic moments 
are slightly lower than expected values. 

The source of the magnetization observed in the 
system ZnzGe)-z[Co5%,,Mn55]O4, cannot be 
stated with any certainty. If the structure has 
exactly the configuration indicated, the magnetic 
interactions leading to a net magnetic moment 
would have to be between ions on octahedral sites 
only. If a small percentage of the Co+ ions were to 
occupy the tetrahedral positions, the magnetic 
moment would be the result of ferrimagnetic 
coupling between these and Mn+ ions on octa- 
hedral sites. The low Curie temperature (7, 
62°K for x = 0-36) is consistent with either view. 
The fact that the magnetization curves for this 
system and for the system ZnzGe;-,Mn3%,, 
Mn3,O4 each show a similar inflection corre- 
sponding to the change in crystal symmetry sug- 
gests that their magnetic properties can eventually 
be interpreted in terms of the peculiar behavior of 
trivalent manganese. 
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LETTER TO THE EDITORS 


Zonal specificity and nonspecificity of certain 
impurities during growth of synthetic «-quartz 


(Received 15 August 1958) 


It is now generally known that an aluminum (III) 
ion replacing silicon in the «-quartz lattice enters 
certain zones of the growing quartz more readily 
than others.) This fact was apparently discovered 
by Hammonp et al.®) by X-irradiation of a thin 
slice of Y-bar synthetic crystal cut perpendicular 
to the Y axis, coupled with emission analyses of the 
X and Z zones. The present note concerns the 
analyses of Y-bar and Z-seed crystals, both grown 
simultaneously from a NaOH solution to which 
GeOsz had been intentionally added. ‘These crystals 
were grown by Mr. FRANK AUGUSTINE of the 
Clevite Research Center, Cleveland, Ohio. 
Table 1 presents emission analyses of several of 
the different zones present in the Y-bar crystal as 
well as that of predominant growth in the Z-seed 
crystal. The slight amount of rhombohedral 
growth in the latter crystal containing most of the 
substitutional aluminum was not analyzed. Fig. 1 
illustrates the zones in the Y-bar crystal that were 
analyzed. ‘The x(5161) and xs~ zones were not 
analyzed because of the difficulty in obtaining 
enough material completely separated from the 


other zones. The depth of color due to the visible 
color centers associated with substitutional alum- 
inum'®) increases in the order: 


Z(0001) < X,+ (0010) < s(1121) < x(5161). 


These relations can be seen in Fig. 1. 

Fig. 2 is a cross-section of the same crystal as 
that illustrated in Fig. 1. The «-quartz has been 
heated slowly through the «—f transition and slowly 
cooled. A lithium—aluminum silicate was observed 
to precipitate on cooling at the transition tempera- 
ture, since aluminum was incorporated interstiti- 
ally in the sample during growth."!) In comparing 
the X,* regions in both figures, it is seen that the 
light striations where no darkening is present due 
to color-center formation in Fig. 1 are just the 
regions where interstitial aluminum is present in 
the structure as shown by precipitated regions in 
Fig. 2. This phenomenon will be discussed in 
detail elsewhere.) It is introduced here in order to 
point out that the aluminum has two roles in the 
quartz structure: generally, trace quantities of 
aluminum are incorporated interstitially in the 
regions of Z growth; in addition, when large 
quantities of aluminum are present during growth, 
substitution for silicon may occur. ‘The latter case is 


Table 1. Emission analyses of synthetic «-quartzes (Clevite run 50C-5)* 


| 
| on § 


ity one on X 
Impurity _Si)t f 


( p.p.m 


Y-bar, growth 


+ 


(p.p.m. Si)t 








Z-seed plate growth 
on Z 
(p.p.m. Si)t 


on Z 
(p.p.m. Si)f| 


| 





+ Absolute values one-half to twice the stated values. 


N.F. = Not Found. 
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sometimes accompanied by flawing due to rhombo- 
hedral growth of the macromosaics. 

Upon examination of the emission analyses, one 
is struck with the close similarity between the Z 
zones in both crystals. They differ appreciably only 
in the sodium analyses. It is of interest that the 
samples were analyzed some weeks apart and prior 
to any anticipation of such correspondence in com- 
position. The results not only show the continuing 
precision of the emission analyses but also indicate 
that when separate crystals are grown from seeds of 
different orientation but in the same autoclave 
under conditions of good solution circulation), 


then corresponding zones have the same impurity 


Further examination of the analyses shows: 


(1) Germanium (IV) replaces silicon (IV) in- 
lependently of the type of zonal growth in the 
quartz, being invariant in the four analyses pre- 
sented here 

2) Lithium (I) and sodium (I) ions follow the 
same order of concentration in various zones as the 
aluminum (III) ion. 

(3) Iron (II and/or III) and magnesium (II) ions 
also follow the same order of concentration in 
lifferent zones as the aluminum (II]) ion 

(4) When germanium is present, aluminum will 
appear in the Z zones substitutionally as well as 
interstitially 

One may then conclude from these facts that: 

(a) Tetravalent cations substitutional for silicon 
in the «-quartz lattice are incorporated uniformly 


throughout the structure. 


THE 


EDITORS 


(b) Trivalent (and possibly divalent) cations 
substitutional for silicon in the «-quartz lattice 
tend to concentrate during growth in certain grow- 
ing zones. 

(c) The incorporation of certain impurities in 
the structure seems to influence the incorporation 
of others, viz. germanium in the Z zone causes 
greater incorporation of substitutional aluminum; 
incorporation of lithium and sodium seems to de- 
pend on the presence of trivalent (or possibly 
divalent) impurities. The incorporation of inter- 
stitial lithium and sodium, thus, gives ionic- 
charge balance to the crystal. 
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Fic. 1. X-rayed cross-section (normal to the Y axis) of 

Y-bar synthetic x-quartz crystal, Clevite run 50C—5. The 

relative darkness of the area indicates roughly the 
amount of substitutional aluminum present. 





Fic. 2. Cross-section similar to that in Fig. 1 after heat 
treatment to precipitate a lithium—aluminum silicate in 
regions where substitutional aluminum is absent. 
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